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■ he objectives of comparative physiology are: (1) to describe the 
8 diverse ways in which different kinds of animals meet their 
—■— functional requirements; (2) to elucidate evolutionary relation¬ 
ships of animals by comparing physiological and biochemical characteristics; 
(3) to provide the physiological basis of ecology, describing the mechanisms 
of tolerance of the stresses of particular habitats and the functional adaptations 
underlying extension of the range of a population; (4) to call attention to 
animal preparations particularly suitable for demonstrating specific functions; 
and (5) to lead to broad biological generalizations arising from the use of kind 
of animal as one experimental variable. 

The present book attempts to serve two purposes: (1) as a textbook for 
use in courses in comparative physiology at the advanced undergraduate-early 
graduate level by students with some background in zoology and mammalian 
physiology; (2) as a source book of sufficient detail and bibliography adequate 
to introduce investigators to particular branches of the subject. No attempt 
is made to cover in detail the fields of cellular and mammalian physiology, 
although a certain amount from each is utilized; experience favors the 
separation of courses in comparative, cellular and mammalian physiology. 
The index is arranged to provide zoologists with material on the physiology 
of particular animal groups, and this book might, well give the physiological 
material for courses in invertebrate zoology, protozoology, helminthology, ento¬ 
mology, ichthyology, herpetology, ornithology, and mammalogy. 

The enormous literature of comparative physiology exists mainly in journals 
and monographs, and the only truly comprehensive account in recent years 
is Buddenbrock's Grundriss der vergleichenden Physiologie. The bibliography 
of the present book, although extensive, is highly selective and therefore 
not comprehensive; it does not include many papers published since August 
1949. No effort is made to cite the earliest reference for a given fact, but 
rather the recent important references are cited, and interested readers can 
trace earlier literature from these. 

Some animals are designated by two names and the same name is not 
always used throughout the book. This results from changes in nomencla¬ 
ture introduced by systematists who, for reasons of priority or reclassification 
at the generic or specific levels, find it necessary to discard names which have 
been used extensively in experimental papers. In this book, with a few 
exceptions, animal names are given as used in the original experimental 
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papers. A few examples of important synonymous genera are given with the 
older name in parentheses: Amoeba mira (Flabellula mira), Aurellia 
(Aurelia), Neanthes virens (Nereis virens), Xiphosura (Limulus), Crago 
(Crangon), Crangon (Alphaeus), Uca (Gelasimus), Ambystoma (Ambly- 
stoma). 

This book was written to satisfy the need for a systematic organization of 
the diverse facts in the literature of comparative physiology and to emphasize 
and extend the comparative viewpoint in physiology as a whole. Generaliza¬ 
tions are drawn only when the existing data seem to warrant, but new gen¬ 
eralizations have emerged from the organized facts. Every chapter includes 
numerous suggestions of unknowns, problems which need to be solved in the 
near future. 

The authors are grateful to their many colleagues who have contributed 
in discussions of the various topics. In particular they express their gratitude 
to the following, each of whom has critically read one or more chapters: 
E. J. Boell, J B. Buck, T. H; Bullock, H. E. Carter, Peter Du Bruyh, Gottfried 
Fraenke E N Harvey, S. C. Kendeigh, Rudolph Kempton, George Kidder, 
Lewis Kleinholz, Peter Morrisoii, 0. P. Pearson, Robert Ramsey, A. C. Red- 
field, H. B. Steinbach, C. D. Turner, and Albert Tyler. 

Undoubtedly many errors of fact and interpretation still remain, and the 
authors hope that attention may be called to these by teachers, students and 
investigators who use this book. 

The Authors 
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Introduction 


J hb science of PHYSIOLOGY is the analysis of function in living organ¬ 
isms. One of the prerequisites for its study is a,knowledge of morph- 
__ ology. Physiology is a synthetic science which applies physical and 
chemical methods to biology. 

The Fields of Physiology. For practical purposes, physiology can he 
divided into three categories, as follows. 

Comparative Physiology, Comparative physiology treats of organ function 
in a wide range of groups of organisms. Comparative animal physiology in¬ 
tegrates and coordinates functional relationships which transcend special 
groups of animals. It is concerned with the ways in which diverse organisms 
perform similar functions. Genetically dissimilar organisms may show striking 
similarities in characteristics and response to the same environmental stimulus. 
By the same token closely related animals frequently react very differently to 
their surroundings, While other branches of physiology use such variables as 
light, temperature, oxygen tension, and hormone balance, comparative physiol¬ 
ogy uses, in addition, species or animal type as a variable for each function. 
The generalizations which emerge from this experimental approach are im¬ 
portant as biological principles which often aid in solving problems of cellular 
and special group physiology. 

Physiology of Special Groups, The physiology of special groups of organ¬ 
isms treats of functional characteristics in particular kinds of plants and ani¬ 
mals. Traditionally, the basic animal physiology is human and mammalian 
physiology, and this science provides the rational basis for much of medicine 
and animal husbandry. The physiology of higher plants is equally specialized 
and important as a basis for plant agriculture. Insect physiology is rapidly 
becoming a special group physiology. 

Cellular Physiology, Cellular or general physiology treats of those basic 
characteristics common to most living organisms, A vast amount of biochemi¬ 
cal evolution occurred in protoplasm before multicellular organisms appeared, 
and cells are exceedingly complicated in their functional organization. In any 
cell-yeast, muscle fiber, or leaf parenchyma cell—the fundamental properties 
of differential permeability, oxidative enzyme activity, genic control of cyto¬ 
plasm, and many other properties are much the same. At the cellular level all 
organisms have more in common than in difference, and this basic similarity 
should form the starting point for evolutionary theory. Cellular specialization 
has led to some diversity of cell types and has often brought with it the loss 
of one function with emphasis on another. In this sense one may speak of a 
comparative physiology of the cells in one organism. The characters treated 
in cellular physiology are nearly universal and are extremely stable with 
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respect to the environment; these characters will not be discussed in this book, 

The Organism and the Environment. Foremost among general principles 
which emerge from a study of comparative physiology is the functional adapta¬ 
tion of organisms to their environment. The distribution of a species is deter¬ 
mined through natural selection by its limits of tolerance. Every specie's can 
live within certain limits of variation of each environmental factor. One 
environmental factor may limit the distribution of one group, and another 
may limit another group. Salinity of an aquatic habitat limits some animals, 
oxygen tension limits some, and temperature extremes limit others. Explana¬ 
tions of both restricted distribution and widely diversified distribution can 
be obtained by examining physiological reactions to environmental stress. 
The extent to which adaptation to a changed environment can occur and 
the mechanism by which such adaptation occurs provide a basis on which 
to account for existing distribution and to predict the possibilities of future 
migrations. Animals can respond to environmental stresses either by alter¬ 
ing themselves (adjusting) to correspond with the environment, or by regu¬ 
lating themselves by means of protective mechanisms and thus maintaining 
a certain internal constancy. Each type of response permits survival and 
is, therefore, adaptive. For example, some aquatic animals follow osmotic 
changes in the medium by proportionate internal changes, whereas others 
maintain a constant internal osmolar concentration. Most animals are at the 
temperature of the external environment (adjustment), whereas a few show 
temperature regulation, When an environmental stress is removed an animal 
tends to return to its previous mean state; that is, recovery stops at a point of 
balance of body functions, 

Different groups of animals solve a given problem of environmental stress 
by different means. For example, methods of obtaining oxygen (external 
respiration) and methods of oxygen transport show wide variation within 
single groups, as in insects. Conversely there are examples of physiological 
convergence. One respiratory pigment, hemoglobin, has arisen a number of 
times in totally unrelated groups, Animals never react to a complex environ¬ 
mental situation with a single organ system. It has often been stated that the 
organism as a whole is more than the sum of its parts, and out of the whole 
organism emerge characters not present in any of the parts. Animals react as 
integrated wholes, many organ systems combining in single responses. 

Adaptive reactions to environmental stress may be of two types, physiological 
(within the individual) or genetic. Physiological adaptations are those respon¬ 
ses of an individual which occur within the genic limits of lability, The 
genetic limits for physiological response are much wider than is sometimes 
recognized, Modifying effects of the environment on morphological develop¬ 
ment are well known, as in the effects of oxygen tension on gill size in tad¬ 
poles, or of salinity on anal gills of mosquito larvae, hut environmental modifi¬ 
cation is much better seen in physiological characters, When there are environ¬ 
mental changes in oxygen tension, salinity, or temperature, a variety of com¬ 
pensating or restorative reactions may occur, some even involving changes in 
enzymatic pattern, For example, lethal temperatures depend on acclimatiza¬ 
tion temperature; the nature of nitrogen excretion depends in some species on 
the amount of available water. It is one task of comparative physiology to 
learn the extent and kinds of lability permitted by a given genotype. 


The second or genetic type of adaptive reactions involves selection of genic 
mutations.- There is no evidence that environmental stress per se can induce 
genic change, but physiological selection of mutations does occur. Those 
organisms which, by mutation, extend the limits of their physiological lability 
widen the range of a species, Within a species there are many genic differ¬ 
ences, and it is the combined task of the comparative physiologist, ecologist, 
and geneticist to learn whether an extreme adaptive capacity of certain 
measured individual animals represents a normal lability for a given gene 
complex or represents a mutation. This can be learned only by subjecting 
several generations to the environmental stress. Only those adaptations which 
have a genetic basis are used in evolution, Extensive combined genetic and 
physiological studies on animals found at the limits of their normal range are 
needed. Many problems are implicit in such an approach, for example, the 
interplay of genetic potentialities with acclimatization capacity of organisms, 
the factors underlying change in habitat within groups as in movements from 
water to land, and the basis for annual migration and hibernation of certain 
kinds of animals. 

Ecological Aspects of Comparative Physiology. Ecology is closely related 
to phylogeny; where an animal is able to live depends to a considerable extent 
on where its ancestors lived, Comparative physiology can help to answer such 
ecological questions as: Why do all echinoderms inhabit the oceans? Why are 
there practically no marine insects or amphibians? Why are some fish restricted 
to fast-flowing water? Mow can eels and salmon live, in both ocean and fresh 
water? 

There is no simple way to summarize all of the environmental factors in¬ 
fluencing an organism, but we can distinguish four main habitats: marine, 
fresh-water, terrestrial, and endoparasitic. Each of these can he extensively 
subdivided, and terrestrial habitats have been most completely classified by 
zoogeographers and ecologists. 

The comparative physiologist considers the organism in its environment, 
played upon by a variety of environmental components-water, inorganic ions, 
organic food, oxygen and carbon dioxide, light, high and low frequency 
mechanical stimuli, gravity, pressure, and temperature, We are concerned 
with the adaptive responses to these environmental factors. In addition, an 
animal is influenced in its environment by other organisms'-plants and ani¬ 
mals. A consideration of the biotic environment leads us beyond the realm 
of present-day physiology. Animal behavior will he discussed in this book only 
as it throws light upon sensory, central nervous, and locomotor mechanisms., 

The characters which compose the bulk of physiological adaptations in 
different environments are often unstable within an animal group; that is, 
they show great lability. These are the physiological characters which provide 
the basis for the ecological distribution of animals. Best examples are found 
in respiration, nitrogen excretion, osmotic regulation, and circulatory and 
metabolic responses to temperature extremes. 

Phylogenetic Aspects of Comparative Physiology, The physiology of any 
group of animals represents a point in the history of that group. The com¬ 
parative animal physiologist needs, therefore, to know something of phylogeny 
and taxonomy. The phylogenist uses the data of paleontology .when they are 
available but also relies on taxonomy and comparative embryology. During 
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rm:nt years many physiological characters haw Wen examined with respm 
to their evolutionary significance. Physiological and biochemical homologies 
and analogies can he established and are as striking as morphological ones! 
Evidences ol embryonic retention, of convergence and divergence, of loss of 
function without return have also ken presented fur hkchemieal characters, 
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particularly in embryos. It is imjxinant to learn how far functional evidence 
agrees with the traditional morphological evidence for animal kinships. 

lo provide a reference point for phylogenetic discussions a brief summary 
o! presjm| views regarding the history of the principal animal phyla is neves 
sary. /\ ttee of the animal kingdom is given in f igure 1. There is g*xxi 
agreement that at the level of the lower worms there occurred a divergence 
which resulted in two important parallel lines. On the one side there are 
the annelids, arthropods, and molluscs, on the other side arc the cchinoderms 
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and chordates. No longer do zoologists seriously consider the annelid or 
arthropod theories of chordate origin, There is little question that the cephalo- 
pods show greatest specialization among molluscs, the insects among arthro¬ 
pods, and birds and mammals among chordates. The annelid-arthropod- 
mollusc groups show determinate cleavage; i.e., the blastomeres. arrange 
themselves in a stereotyped pattern, each cell with a fixed prospective role, 
whereas among echinoderms and chordates cleavage is indeterminate, In the 
hrst-mhntioned group mesoderm formation begins with a particular cell in the 
blastula, from which two lateral mesodermal bands arise; in the echinoderm- 
chordate group mesoderm arises as an outpouching from the archenteron, i.e., 
from the endoderm. In the annelid-arthropod-mollusc line the coelom is 
hollowed out from the mesodermal bands, whereas in the echinoderm-chor- 
dates the coelom pushes out from the archenteron. In the annelid-arthropod- 
mollusc line the blastopore gives rise to the mouth and the anus is opened 
secondarily, whereas in the echinoderm-chordate group the anus develops 
from or in the region of the blastopore and the mouth opens secondarily, 

Species may be considered as reproductively isolated populations which 
constitute natural units in taxonomy. To the comparative physiologist species 
are not rigidly fixed populations; rather the individuals within a species show 
a range of potentialities with respect to adaptation to environmental stresses. 
By ascertaining which adaptations are physiological and which genetic it may 
be possible to picture the evolution of small groups—the origin of varieties 
and subspecies. In its larger aspects comparative physiology supports the well- 
established lines of organic evolution, Certainly the bifurcation of the phylo¬ 
genetic tree into two main portions and the specialization of cephalopods, 
insects, birds, and mammals as terminal groups are two evolutionary cpnclu- 
sions which are amply supported by physiological evidence. 

The characters which are most useful in establishing phylogenetic relations 
are not as universal as cellular characters, but they are widespread among 
many animal groups. Good examples will be found in the fields of digestion, 
visual pigments, nitrogen excretion, and in heart, muscle, and nerve physiol¬ 
ogy. 

Summary, Comparative physiology is an integrating subject which pro¬ 
vides the evidence for many biological generalizations, It is concerned par¬ 
ticularly with functional adaptations to environmental stresses and emphasizes 
kind of animal as one experimental variable. In combination with field and 
genetic studies, comparative physiology has predictive value with respect to 
distribution and the evolution of species. There are many unknowns in this 
field, and each chapter in this book poses numerous unanswered questions, 

REFERENCE 
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W ATER IS an essential constituent of all living things; it is 
the universal biolbgical solvent, the diffuse phase in 
which most of the cellular reactions of metabolism occur, 
and the most necessary to life of all environmental constituents. Life undoubt¬ 
edly began in a watery medium. Numerous exits from water to land have 
been made in the course of evolution, but only a few groups of animals have 
been successful in maintaining themselves out of water. Each group which 
has made the exit from water has used its own set of adaptations to life in air, 
some being more successful than others. Only the insects have made the exit 
complete, and some of them return to water for at least part of their life cycle 
All other animals, including birds and mammals, return to a watery medium at 
least for embryonic life. 

One problem of animal life is to maintain inside the organism just the 
proper amount of water-not too much, not too little. Terrestrial animals must 
retain and use what water is available; fresh-water animals must exclude water 
to prevent self-dilution; some marine and parasitic forms are in osmotic 
equilibrium with their medium, whereas others are more dilute and have the 
problem of taking in enough water while living in a plenitude of it. 

Nearly all fresh-water and terrestrial plants, by virtue of their cellulose walls 
and active plasma membranes, maintain their cellular constituents, particularly 
their vacuolar sap, at concentrations higher than those of the fluids which 
bathe their tissues. The cells are continually more concentrated than the 
tissue fluids and hence turgid. In animals, however, cellulose walls are absent 
and the effective intracellular concentration equals, or slightly exceeds, the 
concentration of body fluids, Regulation of osmotic concentration in animals 
takes place, then, not in single cells, as in plants, but in the organism as a 
whole. 

Physical Factors. If the body fluids of an animal are more concentrated 
t an the outside medium, the-organism is said to be hypertonic; if they are 
more dilute the organism is hypotonic to the medium; if the concentrations 
inside and out are equal, the organism and the medium are isotonic. If a cell 
is hypertonic to the medium and is surrounded by a semipermeable mem 
brane, that is, one which will pass water but not solute, water will tend to 
enter from the dilute medium. The pressure necessary to prevent such en 
trance of water is equal to the force by which water tends to enter and is 
termed osmotic pressure. Strictly semipermeable membranes rarely if ever 
exist m living organisms, otherwise there would be no exchange of solutes, 
but for the present discussion we can consider all animal cell membranes as 
essentially semipermeable. The osmotic pressure of a solution is proportional 
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to the total number of particles of solute, irrespective of their kind and size. 
A number of properties of solutions, the colligative properties such as vapor 
pressure, boiling point, freezing point, and osmotic pressure, are thus related 
to the number of particles of solute. Dilute solutions behave like gases; hence 
the osmotic pressure (ir) equals the molal concentration (C) multiplied by 
the gas constant (R—0.082 liter atmosphere) and the absolute temperature 
(T). 0=CRT). The higher the concentration of solute, the greater are the 
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Fig. 2, The relation between lowering of the freezing point and concentration 
of NaCl in molarity and gm./lOO cc. 

osmotic pressure, the decrease in vapor pressure, the elevation of the boiling 
point, and the depression of the freezing point of. the solution. 

Any one of the colligative properties can be calculated from any of the 
others. In practice osmotic pressure of body fluids is not ordinarily measured 
directly, but usually either the depression of the freezing point Atp/or the 
vapor pressure is measured. A molal aqueous solution of nonelectrolyte freezes 
at —I.86°G. The symbolA indicates lowering of a freezing point; A » refers 
to the medium (^outside), At refers to the blood (i=inside), A u refers 
to urine. 
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One common method of osmotic measurement based on vapor pressure is 
measurement of the size of a drop of the unknown solution in a capillary tube 
when on either side, separated by air, are drops of a known concentration 
(Barger's method, or modification by Krogh 143 ). If the unknown is a more 
concentrated fluid its drop will increase in size; if it is less concentrated the 
drop will become smaller; if the fluid is of the same concentration, or isotonic, 
the size of the drop will not change. Another method based on vapor pressure 
is to place a drop of the unknown solution on one junction of a thermocouple 
and a drop of known concentration (usually sodium chloride solution) on the 
other (Baldes-Hill method 17 ). Changes in temperature due to evaporation 
and condensation from one junction to the other may then be recorded. 

For practical considerations, since salts dissociate into ions, each of which 
is as effective osmotically as an undissociated molecule, organic substances 
contribute only a small fraction to the osmotic concentration of most body 
fluids and practically none to most aqueous media. The most easily determined 
and the most abundant biological anion is chloride. Figure 2 shows the rela¬ 
tion between lowering of the freezing point and concentration of sodium 
chloride, 

Patterns of Biological Response to Osmotic Conditions. The water con¬ 
tent of the tissues of animals gives very little indication of their osmotic prop¬ 
erties. In man, lor example, the total water content is 63 ± 4 per cent; the 
water content of the nonbony tissues is about 75-80 per cent, and of bone and 

? j a - P n cT’ yet , osmotic P ressures arc fai rly uniform throughout the 
body. A jellyfish may have a water content of 95 per cent or more and yet its 
osmotic concentration may be higher than that of a fish which is only 70 per 
cen water but which contains a greater proportion of organic material. Some 
adult insects contain as little as 46 per cent water and some larval insects as 
much as 92 per cent. Similarly the density or specific gravity of a solution is 
not a direct function of osmotic concentration, but depends on the nature of 
the solute, its concentration, the temperature, and the barometric pressure, 
borne aquatic animals show osmotic lability, that is, the concentration of 
. them body fluid changes when the medium changes; they adjust osmotically. 
Other animals are osmotically stable, that is, their-hypertonicity or hvpotonicitv 
is maintained, irrespective of the environment; they regulate osmotically. The 
ru Ilomoi( f motic are °f ten applied to osmohihile and 
1 - . a f T 'i Thei '7 re ' however > a11 Sedations between the extreme 
and^onstancy. An animal may be homoiosmotic in 
one concentration range and pmkilosmotic in another. Osmotic change may 

c u Jl° I 7 T ° water an<1 tIms be accompanied by volume 

ver fhe rnnt th L e H volurae is M constant when¬ 

ever the concentration is changed with the medium. 

tiottS^r ° r m t tenanCe of * lativel y cons *ant internal coneentra- 
' volume regulation as well. Osmotic concentration may he kept 

constant by any of the following mechanisms: y K l 

1) Limited permeability to water 

2) Limited permeability to salts (or other solutes) 

3) Secretion (in or out) of salt against a gradient 

4) Secretion (in or out) of water against a gradient 

5) Storage of water or solute. 
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Several of these mechanisms require energy, hence work is done in osmotic 
regulation. The relative importance of each mechanism differs with the 
animal. 

Animals tend to maintain an "optimum" osmotic concentration for a given 
environment. Adolph 7 has shown that in many species, upon return to 
normal environment after a period of dehydration, water is taken up and, after 
a period o hydration, water is lost, until the osmo-concentration reaches the 
optimum for the particular animal. 

There are numerous variations in osmotic properties of animals with season, 
age, nutrition, reproductive and molting cycles, and .geographic races. In the 
Inflowing account an attempt is made to select comparable material but it must 
be emphasized that measured values for a given species may differ with condi¬ 
tions. There may fie acclimatization of individuals to osmotic condition and ' 
there may be genetic acclimatization which operates by selection, 

A careful summary of the mechanisms of osmotic response in each phylum 
of animals which has been studied is given by Krogh. 143 We shall, therefore, 
confine our discussion to a search for phylogenetic and ecological implications 
and applications of the subject. Ecologically, few factors in the environment; 
so limit the distribution of animals as does the availability of water. Phylo- 
genetically, so many separate exits have been made from the ocean to fresh 
water, and from water to land, and so many separate reinvasions of water have 
been made that evolution with respect to water is a tree of many trunks, i 
Nature is carrying out experiments in osmotic adaptation which we can 
observe at the present time, and species may he determined by the range of 
osmotic lability of a population. 

I he ocean is the ancestral animal home. The composition of salts in sea ; 
water differs in different parts of the world and has changed considerably I 
during biological history. The total osmotically effective concentration of the 
ocean has increased since the earliest appearance of life. The water of mid- , 
ocean is concentrated, smaller seas and bays are diluted by inflow of fresh ! 
water, and in estuaries and tributary mouths brackish water merges with fresh 
water, In seas such as the Mediterranean, where the evaporation is high, the 1 
salinity exceeds that of the open ocean. Fresh-water dilutions of ocean water I 
are often expressed in per cent sea water. As an average figure for reference 
we can consider sea water as equivalent to a 3,4 per cent sodium chloride 
solution, i.e., it has a salinity of 3,4 per cent or a chlorinity of 1.9 per cent. 1 
Sea water freezes at approximately ~1,8°C, and is, therefore, nearly molal in i 
its osmotic concentration, Compare this with a fresh-water pond which may | 
show a freezing point depression of 0.02°C, or less, or with salt lakes where ; 
phytofiagellates swim in water which freezes at -7,5°C, j 

All phyla and a majority of the classes of animals have representatives ! 
which have made the adjustments necessary for marine life; some have 
remained in the ancestral home, others have returned to it. Animals from I 
fewer phyla have ventured into brackish water and .only a few have sufficient j 
osmoregulation for life in fresh water. Some animals have invaded land | 
directly from the ocean, others through the avenues of estuarine and fresh j 
water, The parasitic habit has been assumed by marine, fresh-water, and soil- ! 
dwelling groups. Evidence regarding the osmotic limitation to distribution of a ! 
group of animals can be obtained by observing the responses to osmotic stress. 
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OSMOTIC ADJUSTMENT TO THE MEDIUM; 
POIKILOSMOTIC ANIMALS 

The statement is sometimes made in textbooks that all marine invertebrates 
are isotonic with the ocean; this was found true for a great variety of 
species . 48 ’ il 73 Some crustaceans and a few annelids show deviation in osmo- 
concen nations, but most marine invertebrates are isotonic and adapt their 



CONCENTRATION OF SEA WATER 
IN PER CENT 


Fig. 3. Volume changes in cubic micra (x!0 ! ) in fertilized Arbaeia eggs as a function 
ot dilution of sea water as per cent normal sea water. •, Lower curve, observed volumes; 
0, upper curve, volumes calculated on basis of gas laws. From Luck) 4 and McCutehcon. 184 


internal concentration to external changes, The limitation on the distribution 
ot all osmolabile animals is probably the dilution at which their enzyme 
systems can still carry out sufficient metabolism for active life. The simplest 
and most economical osmotic adjustment is found in marine and parasitic 
organisms, which are highly permeable to water and gain or lose water accord¬ 
ing to the concentration of the medium. No osmotic work is done, and body 
volume is not regulated. 

Osmotic Change without Volume Regulation: Unicellular Animals. Much 
evidence indicates that marine Protozoa are isotonic with sea water. The 
flagellate, Noctiluca, is in osmotic equilibrium with sea water but may have a 
lower specific gravity owing to the presence of considerable amounts of a salt 
?* ^y ity than sodium chloride (Goethard and Hensius, quoted 

2 r0 ^ , J' Tins salt is probably ammonium chloride, which is ionic at 
l° w P H of ^; 0 in * e cyt°P lasm . 92 When Noctiluca is put 
nto diluted sea water it swells and finally bursts at concentrations eorrespond- 
mg to a specific gravity between 1.007 and 1.012. 443 Thus the only adapta- 


Water jj 

tion tending to keep the cell isotonic is water exchange. We shall consider the 
role of the contractile vacuole in marine Protozoa later, 

Several gregarines from the gut of mealworms swell and shrink according 
to the tonicity of the medium/ 1 The gregarines have a high content of 
glycogen, which may cause as much as 70 to 80 per cent of their volume to ! 
be osmotically inactive. 

The organisms which have been most studied in respect to their ability to ' 
swell or shrink in changing tonicity are the eggs of marine invertebrates, 
particularly echinoderms and annelids. In general, when the volume of a 
marine invertebrate egg is measured in different dilutions and concentrations 
of sea water the cell is found to be a good osmometer, that is, it follows Boyle's 
law over a narrow range: pressure (P) X volume (V)=a constant (K), 
(PV=K). In very dilute sea water it does not swell as much as would be 
expected if it followed the gas laws in proportionality of volume and pressure 
(Fig. 3). The explanation m of this deviation seems to be that a certain I 
portion of the cell volume is osmotically inactive and thus does not take up ! 
water. Large protein and fat molecules, together with bound water, are 
osmotically insignificant, yet occupy a much greater relative volume than in¬ 
organic salts, When a correction is made for this osmotically inactive volume 
(b) and the corrected osmotically active volume (V—b) is plotted against 
external pressure, the gas laws as applied to dilute solutions are obeyed (Fig. 

3). The osmotically inactive volume 1 ' 223 is 7.3 per cent of the initial cell | 
volume in unfertilized Arbaeia eggs, 27,4 per cent in fertilized eggs. 223 
Isolated nuclei of Arbaeia eggs conform better to the gas laws; 32 the osmo- ; 
tically inactive volume is negligibly small. 

A second explanation of the failure of cells to swell as much as predicted in 
dilute media might be leakage of salt., i.e., failure of the semipermeable nature 
of the membrane. Salt leakage apparently does not occur or is negligible over 
the range of rapid reversible changes, but it may be important in extreme ; 
dilutions, where injury occurs. Permeability to salt is very low in most devel- l 
oping aquatic embryos. 135 

In Protozoa which lack contractile vacuoles and in marine eggs, then, the ; 
rate of gain or loss of water is sufficiently great to provide a simple method of j 
adjustment to changing external concentration. 

Multicellular Animals. Osmotic adjustment by volume change is also | 
shown by the marine sipunculid worm, Phascolosoma, whose body surface [ 
behaves like a semipermeable membrane. This worm is able to survive indefi- j 
nitely in concentrated (160 per cent) sea water, 8 Approximately 23 per cent j 
of the body volume of Phascolosoma is osmotically inactive. The body weight [ 
decreases or increases rapidly on transfer to a medium of different tonicity and j 
reaches equilibrium in 2 to 8 hours. On return to normal sea water after j, 
hydration or dehydration, the original volume is reached in a few hours. 7 j 
The rate at which water enters exceeds the rate at which it leaves. Apparently ! 
there is little or no salt transfer because the volume of the animal remains high ; 
or low, according to the concentration of the medium, for several days. When J 
salt solutions are injected, similar volume changes occur corresponding to the ! 
concentrations injected; some days later there is a tendency for body volume to j 
return toward normal, indicating that there may he a very slow and delayed | 
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salt movement, Under ordinary conditions, then, Phascolosoma behaves like 
an osmometer and shows no volume regulation. It is probable that Sipunculus 
behaves similarly. r,l) 



HOURS 

Fig. 4. Percentage change in volume of four molluscs when transferred at zero hours to 
the dilutions of sea water indicated. Onchidium changed from 10 per cent to 50 per cent 
sea water and Aplysia from 75 per cent to 100 per cent sea water at time indicated by 
arrows. Two patterns of response of Aplysia are shown. Onchidium data from Dakin and 
Edmonds, 17 Doris and Aplysia data from Bethe,” Mytilus from Maloeuf.” 0 

The polychaetes, Arenicola marina, Nereis pelagica, and Nereis cultrifera, 
show osmotic lability and some swelling in dilute media.. The following data 
213 (also Fig. 6) show that Arenicola adjusts in osmoconcentration to its 
medium both in its natural habitat and in the laboratory: 


A« 

Ai 

Habitat 

0.29 

0.28-0.30 

experimental 

0.75 

0.76-0.77 

Kiel Canal 

1.72 

1.70 

Helgoland 


Thus Arenicola must be able to survive considerable dilution of its tissues. 
The sodium chloride content of the blood of both Sipunculus and Arenicola 
is nearly the same as that of sea water, and since both organisms are isotonic 
with the ocean the organic solutes must be very dilute. 02 

Several molluscs also show little or no volume regulation (Fig. 4). The 
nudibranch Doris swells rapidly in a dilute medium, and remains swollen for 


at least 24 hours, although there may be a slight volume decrease at 48 hours 
(Fig. 4). Chloride concentration in the animal .fell by 16 per cent in the same 
time, 87 Another gastropod, Onchidium , shows similar swelling, 57 In a 
mixture of one-third sea water and two-thirds isotonic sucrose the volume fell 
by 33 per cent in 14 hours; this shows that salt can be lost, However, Onchidi¬ 
utn regained its original weight when returned to sea water from dilute sea 
water, hence salt loss must have been negligible. Doris and Onchidium show 
practically no volume regulation within a period of a clay. 

Mytilus edulis is a bivalve which can live in a wide salinity range. The 
hemolymph of Mytilus edulis adjusts 218 to the medium as follows: 


Ao 

A. 

0.94 

0.95 

0.77 

0.77 

0.37 

0,35 


Osmotic adjustment occurred in Mytilus in sea water diluted by 25 to 41 per 
cent, although the hemolymph did not become diluted proportionately when 
the sea water concentration was reduced by 70 per cent. 54 If the valves are 
open, Mytilus gains weight in a hypotonic medium and shows no tendency to 
return to its original volume during 50 hours (Fig. 4), 180 However, if the 
valves are closed the weight is unchanged; 1(10 in Venus with valves closed no 
dilution of the blood occurs during many days in hypotonic sea water, 81 The 
chloride concentration decreases in Mytilus in dilute sea water and increases 
in concentrated sea water 71 along a curve similar to that of the volume 
change. 180 In 52 per cent sea water weight increased by 25 per cent; at the 
same time the total tissue chloride content decreased by 44 per cent and the 
total water content increased by 18 per cent. 71 Krogh 148 reported similar 
changes in water and chloride content in 76 per cent sea water, but in 30 per 
cent sea water he reported an increase of about 32 per cent in water content 
and a decrease of 71 per cent in chloride content of hemolymph. Unfortunate¬ 
ly, data on weight, osmotic concentration, and chloride are riot available for 
the same individuals, but evidently Mytilus adjusts to its medium osmotically, 
part of the change being by water uptake or loss and a larger part by chloride 
loss or uptake, the chloride loss or gain occurring at approximately the same 
rate as the water exchange, body volume being incompletely regulated. 

The holothurian, Caudina, swells in dilute sea water and shrinks when 
transferred from dilute to normal sea water, 189 The volume change in each 
transfer is less than half the value predicted if the body wall were semiperme- 
able. Actually chloride is transferred in and out, but the rate of water ex¬ 
change is greater than that of the gain or loss of chloride, and volume changes 
persist. 

Osmotic Adjustment with Volume Regulation. Many marine invertebrates 
adjust osmotically to the concentration of the medium, but, in addition to gain 
or loss of water, they also gain or lose salts so that the body volume is kept 
relatively constant. 

The blood concentration of those marine molluscs which have been exam¬ 
ined is equal osmotically to the concentration of their medium. Bethe 86,8fl ' 87 
studied weight and ionic changes of the gastropod, Aplysia. On transfer to 
dilute sea water the weight rises at first (Fig. 4), as water is taken up, and 
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then falls as salt is lost and, with it, water. As much as 37 per cent of the 
body salt may be lost. After equilibrium is approached at a new low level, 
often below the original weight, return to 100 per cent sea water causes loss 
in weight because the normal sea water is now hypertonic. By ligating the 
mouth it is shown that the body surface of Aplysia is permeable to both water 
and salts. 

The echinoderms are an entirely marine group and are adapted osmotically 
to the ocean. Indeed, in all except holothurians the ambulacral fluid is very 
similar to sea water. The body fluid of Asterias freezes at the same temperature 
as the sea water and becomes dilute when the starfish is put into dilute sea 
water. 81 In 50 per cent sea water 100 starfish increased in weight by about 
25 per cent in 8 hours, but returned nearly to the original weight in 24 hours. 
Starfish from the North Sea were unable to survive in 50 per cent sea water, 
but animals from the brackish Kiel Canal survived in greater dilutions. 215 
Echinoids have left the Baltic because of its low salinity. 68 Echinoids and 
asteroids, because of their exoskeleton, are unable to swell as much as the 
soft-walled animals such as Aplysia, hence volume changes are limited and the 
animals must lose some salt to a hypotonic medium. 37 

Osmotic Adjustments by Cnidaria and by Ascidians. The osmotic concen¬ 
tration of jellyfish has been measured by both freezing point and by vapor 
pressure methods; jellyfish are composed of only 3 to 5 per cent solids 117 and 
have the same or very nearly the same osmotic concentration as the ocean. 19 * 
48,47,73,74 After 36 hours in 75 per cent sea water the jelly disc of Cyanea 
differed in concentration from the medium by a negligible amount. 19 Some 
corals and ctenophores tolerate a 20 per cent reduction in salinity. 110 * 838 
The blood of an ascidian (Ascidia mentula) is approximately isotonic with 
the ocean, 83 although the body fluid of Molgula is slightly hypotonic and 
its renal fluid hypertonic to sea water. 58 

In summary, some marine invertebrate eggs and some marine and parasitic 
Protozoa and worms such as Phascolosoma are true osmometers when allow¬ 
ance is made for osmotically inactive volume. They swell and shrink and show 
no salt exchange over periods of many hours; they show neither volume nor 
osmotic constancy. Numerous others, e.g Nereis pelagica and N. cultrifera, 
Doris, Onchidium, the holothurian Caudina, and Mytilus, likewise remain 
swollen in dilute sea water. The amount of swelling is greater in some (Doris) 
than in others (Mytilus); when the swelling is considerably less than, the 
amount predicted osmotically, salt may have been lost. Finally, many animals 
such as Aplysia , and to a less extent Asterias, swell initially in a dilute medium 
and then shrink as salt is lost; they regulate their volume while changing their 
concentration. The regulation of volume and that of osmotic concentration 
may, therefore, be separate functions. 

OSMOTIC REGULATION TO THE MEDIUM; 

HOMOIOSMOTIC ANIMALS 

Simple Types of Osmotic Regulation: Nereis diversicolor. Osmoregulation 
at a low level of effectiveness is shown by Nereis diversicolor, as contrasted 
to simple adjustment in dilute media shown by N. pelagica and N. cultrifera. 
Due to its regulatory ability N, diversicolor is able to live in brackish water 
(0.4 per cent salinity), whereas N. pelagica is restricted to the open sea. 218 


When transferred hum 100 per cent to dilute sea water, the weight of N 
diversicolor rises to a maximum and then, in contrast to N. cultrifera falls in 
20 hours to a steady level, slightly higher than its weight in normal sea water 
(Fig. 5, curve C.)r'* 8,3 I he eojieeuiratitm of body fluids follows a curve 
inverse to the weight curve ( lag. i>, curve A), but the body fluids remain more 
concentrated than the dilute medium. Specimens have been kept for two 
weeks in good condition in fresh water. 2,3 Figure 6 shows that N. diverse 
color, in contrast to N. jv/ngiui, remains hypertonic in dilute sea water but is 
unable to maintain the same concentration in a dilute medium that it had in 
normal sea water. Its eoncenfiation curve steadily declines on the dilute'side 
i.e., it does not flatten as dues the curve of very successfully regulating animals! 

In order to carry out active osmoregulation, work must he done, Schlieper 



TIME IN 50# SEA WATER 


big. 5. Weight ■diaii#*.-* observed (cum.* (’) ami I'iikulafvil iis. if flute 'were no salt 
loss or excretion (curve H); burly fluid eonwiiiriitiun (curve A); in Nereis diversicolor 
in 50 per cent sea water from nm hours. Mom Beadle,* 


213 observed an increase ol 8 to 17 pet tent in oxygen consumption of N, 
divcrsicalar in dilute sea water, but alter an hour the oxygen consumption was 
reduced., Beadle 3,1, ' a attributed the initial increase in respiration rate to 
muscular resistance to swelling. I However, in 0.001.M potassium cyanide or in 
anaerobic, conditions, osmotic: regulation breaks down and the weight curve 
approaches that <jf N. 

Calcium is important in regulating salt intake and loss. 28,88 In normal 
20 per cent sea water the weight initially increases, then recovers (Fig. 7, 
curve B), whereas in 20 per cent sea water free of calcium the worm remains 
swollen (Fig, 7, curve A), Also $ worm which has become adjusted to normal 
20 per cent sea water gains weight rapidly when transferred to sea water of 
the same dilution but lacking calciumt . No' such water reabsorption occurs 
when the water lacks sodium, potassium, or magnesium. When f worm 
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adjusted to 20 per cent sea water was put back into 100 per cent sea water 
there was water loss and salt intake so that the worm soon had only 80 per 
cent of the weight it initially had in 100 per cent sea water. By repeated 
transfer from 100 per cent to 20 per cent sea water and back, the weight in 
100 per cent sea water could be reduced to half. This indicates that water is 
transferred more rapidly than salt. The ratio of chloride output to water intake 
in 20 per cent sea water is nearly double the ratio of the exchanges in 100 per 
cent sea water, hence swelling is much less than in N. cultrifera, where the 



Fig, 6. Freezing point of body fluids, A i •' Oi Nereis diversicolor, •, Arenicok marina, 
and +, N. pelagic a; animals adapted to dilutions of sea water indicated by freezing 
points, A o. Data from Schlieper.* 1 ’ 

chloride loss is very slow. Whether the avenue of chloride loss is through the 
nephridia or not is unknown. 

Several mechanisms favor osmoregulation in N. diversicolor: The permea¬ 
bility of the skin is important in volume regulation. Calcium decreases the 
skin permeability to water and thus prevents a continued rise in volume. Body 
wall contraction opposes swelling. After an initial increase the volume de¬ 
creases as chloride is lost and hypertonicity is maintained; this must, as Krogh 
points out, necessitate the elimination of hypotonic fluid, possibly by way of 
nephridia, and is an active process requiring energy. There may, in addition, 
be active salt absorption from the dilute medium. The mechanism of osmo¬ 


regulation is less well developed than that of volume regulation. Morphologi¬ 
cal evidence for a mechanism of salt reabsorption in the nephridia is sum¬ 
marized by Jurgens, m who shows that the nephridia! canal of N diversi- 
color is long and coiled, providing ample epithelium for reabsorption, whereas 
the nephndium of N. cultrifera is a simple sac (Fig, 8). 

It is likely that Neanthes vims behaves much like 'Nereis diversicolor, Data 
on blood concentration are not available, but studies have shown that on 
transfer to 20 per cent sea water weight initially increased and then slowly 
declined; when the worms were replaced in 100 per cent sea water the weight 
went below the original level. s » When transferred through gradual stages 
of salinity, Neanthes virens could eventually live for 14 days in 12.5 per 
cent sea water. A significant increase in oxygen consumption occurred in N 
virens transferred to dilute solutions; *» the weight remained constant with 



Fig. 7. Weight changes as per cent of initial weight in Nereis divcmcolor when trans¬ 
ferred from 100 per cent sea water to normal 20 per cent sea water (curve B); or to 20 
per cent sea water lacking calcium (curve A), calcium added to 20 per cent sea water 
at arrow, From Ellis.” 

dilution until the animals were in about 16 per cent sea water, when weight 

increased and oxygen consumption declined. 

Among the marine worms there are several levels of osmotic function. 
Phascolosomu , Sipunculus, and probably Nereis cultrifera adapt in body con¬ 
centration by swelling and do not shrink during at least a day in dilute sea 
water. Nereis pekgica also changes in concentration but loses a little salt so 
that: there is slight volume, regulation, Nereis diversicolor and probably 
Neanthes virens show a limited regulation of both body concentration and 
volume. 

Parasitic Worms, Parasitic worms are usually assumed to be at osmotic 
equilibrium with host tissues. Intestinal parasites may be subjected to con¬ 
siderable variations in medium from time to time. The coelomic fluid of 
Ascoris megalocephala and the tissues of A. tumhricoides are isotonic or slight¬ 
ly hypotonic to the intestinal fluid in which the worms live. 221 Cestodes 
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from mammals and from fresh-water and marine fishes are also isotonic with 
or slightly hypotonic to host tissues. However, the concentration of the trema- 
tode Fasciola hepatica was 40 per cent greater, as judged by freezing point, 
than that of the bile of the host, 221 Ascaris in hypotonic solutions decreased 
rapidly in internal concentration; the worms swelled in dilute and shrank in 
hypertonic solutions. Volume changes were initially rapid, but the curves 
leveled at 6 to 10 hours and there was no tendency to return to original vol¬ 
umes in 18 hours. The body wall is, therefore, permeable to water. Maximum 
volume changes were about 50 per cent; the osmotically inactive volume of the 
worm is probably large, but certainly the volume changes are less than if there 
were no regulation. Failure of recovery in hypotonic media indicates that 
there is little or no salt loss. It is likely that in a dilute medium the excretory 
organs are getting rid of water. The acanthocephalan, Neoechinorhynchus 
imydis, from the intestine of turtles is normally flat and wrinkled but it be- 



A B 

Fig, 8. Drawings of nephridia of Nereis diversicolor (A), and of N. atltrifera (B), 
Modified from Jurgens.’® 1 


comes swollen and turgid in salinities of less than 0.85 per cent sodium chlo¬ 
ride. m 

In Gysticercus tenuicollis, a cestode larva from the abdominal cavity of 
sheep, volume changes are small (20 per cent swelling in a medium of one- 
fourth the normal concentration), but as in Ascaris there is no tendency to 
return to the original weight during approximately a day in dilute or hyper¬ 
tonic media. 221 Freezing point measurements show, however, that Cysti- 
cercus has considerable osmoregulating ability, maintaining itself hypertonic 
in dilute media and hypotonic in concentrated media. Schistocephalus, a fish 
tapeworm, has an osmotic concentration similar to that of the host (At.p.= 
0.44); the worms maintain constant weight in 0.75 per cent sodium chloride 
solution but gain in more dilute and lose in more concentrated solutions. 228 
More accurate data are needed regarding the salt and water exchange and the 
osmotic concentration of various parasitic worms with and without excretory 
organs. It is probable that many degrees of regulation will be discovered 
among them. 

Osmotic Regulation by Storage of Water: Gunda ulvae. The flatworm 
Gunda ulvae lives in estuaries at the intertidal zone in England and may be 


alternately exposed for several hours twice each day to completely fresh water 
and then to relatively undiluted sea water. »* In Plymouth soft tap water 
Gunda swells rapidly, doubling its volume in an hour, and if left it dies within 
48 hours. In dilute sea water or in stream water swelling occurs but is much 
less than in tap water, The calcium of the stream water lowers the permeabili¬ 
ty of the body surface to water, and this retards swelling. Addition of such 
substances as sodium chloride, sodium bicarbonate, or glycerol, to distilled or 
tap water does not retard the swelling, 24,1 In dilute solutions not only is 
water taken up but salts are lost. The worms lose 25 per cent of their body 
salts while imbibing water equivalent to their initial volume. 11,3 In fresh 
water lacking calcium, as in distilled water, salt loss is rapid and general 
cytolysis occurs. 

When Gunda is in dilute sea water, water passes osmotically through the 
ectoderm to the parenchyma, which swells during the first hour. 24 Then the 
water collects in vacuoles in endodermal cells lining the gut, and the body 
volume remains relatively constant, Thus other body cells are kept from 
becoming diluted and normal activities of the worm can continue. Here, then, 
is osmotic regulation by storage of water in endodermal vacuoles, but body 
volume remains high. The vacuoles remain as long as the worm is in a dilute 
medium. Why they do not continue to grow beyond a certain size is not 
entirely clear, Beadle cut worms behind the pharynx and found that the 
ectoderm closed .over the wound, thus preventing any opening to the exterior 
from the gut, Such posterior ends swelled and reached equilibrium size in 
almost the same manner as normal worms in water containing calcium. Thus 
the water must normally enter through the ectoderm and cannot leave by way 
of the gut. Oxygen consumption is greater when the worms have reached 
equilibrium in dilute sea water. 24 Also, in anaerobic conditions or in the 
presence of cyanide, swelling is greater than in normal aerobic conditions, 
Beadle thinks that the active process which occurs on adjustment at a given 
volume is due to energy expended in decreasing permeability of the ectoderm, 
although, as Krogh points out, Beadle has not proved that the excretory organs 
are not used. Also energy must be expended by the gut cells to keep the 
vacuoles dilute. In any case, Gunda swells in fresh water; the excess water is 
taken up by vacuoles in the gut cells, and then an active process, either 
decreased permeability or increased excretion, takes over to prevent further 
volume increase, and even allows some decrease in size. 

Osmotic Regulation by Exclusion of Water. The eggs of marine inverte¬ 
brates swell and shrink to correspond with changes in the medium. The eggs 
of marine teleosts are hypotonic to sea water, whereas all fresh-water eggs are 
hypertonic to their medium. Osmotic relations of embryos have been discussed 
by Needham, 188 - 187 and by Krogh. 143 

The egg of the killifish, Fundulus, is normally more dilute than its marine 
medium, 182 These eggs are hypertonic in dilute and hypotonic in concen¬ 
trated media, isotonicity occurring at about At,p.=0,76°. Such small changes 
as occur in different tonicities are attributed to adsorption by the outer mem¬ 
branes, 162 and permeability to water is very low. Eggs of the plaice show 
limited permeability to both water and chloride. 144 Krogh found that the 
extra-embryonic fluid of Nerophis was in equilibrium with sea water (412 
mM), whereas the embryo was much more dilute (180 mM). 
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The eggs of fresh-water fish take up a little water during the first 1 to 6 
hours after oviposition, but thereafter they are impermeable to water. 140 ' 100 
Oxygen can penetrate eggs which are impermeable to water and salts. The 
barrier which keeps water from entering the embryo is the vitelline membrane, 
the shell or chorionic membrane being freely permeable. W1, 230 Impermea¬ 
bility of the vitelline membrane is maintained unless the membrane is injured 
or calcium removed from the medium. Wl 

Eggs of Dnphnia (data of Przylecki, quoted by Krogh m ) and of L imnea 
stagnating are permeable to water and swell considerably (45 per cent, 
L,imnea) during the first few hours after oviposition. Similarly frog eggs are 
initially permeable to water and then much less permeable. The osmotic con.- 
centration falls from about 120 mM at the time of laying to 80 mM by the 
time the blastopore closes, because of water uptake. 11,1 In the tail-bud stage 
osmotic concentration again increases, owing primarily to accumulation of 
organic products. After hatching, the embryos can grow for a time by water 
uptake; chloride absorption begins as soon as external gills are present. 

The exceedingly low or negligible permeability of the vitelline membrane 
of many eggs protects the embryos against osmotic stresses until normal osmo¬ 
regulatory mechanisms can function. 

AN INVASION OF FRESH WATER, LAND, AND SALT LAKES; 

CRUSTACEA 

Crustacea occur in water of a wide range of salinities, from the most dilute 
fresh-water ponds, through all degrees of brackishness, to the ocean, which is 
a 3,5 per cent salt solution, and even in salt lakes of some 22 per cent salt con¬ 
centration, Crustacea are of marine origin and have invaded fresh water at 
numerous times and places. In fact, some forms seem to be on their way from 
ocean to fresh water at present. By comparing Crustacea of different osmotic 
capacities it is possible to picture the changes which have made possible their 
distribution and to predict which groups are likely to venture into new con¬ 
ditions of salinity. 

The Crustacea can he arranged in a series with respect to osmotic capacities. 
The following seven groups are distinguished by their habitats and the respon¬ 
ses of their blood concentration to changes in the concentration of the medium 
(Figs. 10,12,13,14): 

1. Animals limited to sea water, sometimes called stenohaline;* they show 
no osmoregulation when put into dilute sea water, but they do show volume 
regulation, Example; Maja. 

1 Crabs which regulate their osmotic concentration to a limited degree and 
are therefore able to venture into slightly brackish water. Examples: Cancer 
and Eriphia, 

3. Animals which regulate better in dilute sea water and arc common in 
regions of the shore near where fresh-water streams empty (euryhaline*). 
Their body fluids are adjusted to the medium in high concentrations and 
become regulated by remaining hypertonic in low concentrations. Examples: 
Carcinus and Hemigrapsus. 

* The terms stenohalinc and euryhaline refer, respectively, to animals tolerating only 
slight changes in salinity and to animals tolerating considerable dilution. Since all degrees 
of intergradation occur, the terms are of little practical value. 
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4. Highly regulating crabs which not only maintain a state of hypertonicity 
in dilute sea water but also regulate in a medium more concentrated than 
normal sea water by keeping their blood more dilute than the medium, They 
may live in very dilute brackish water and many go onto land. Such regula¬ 
tion in both high and low concentrations is shown by Uca cremlata, Heloe- 
cius, and Palaemonetes. 

5. Animals with ability to maintain hypotonicity in concentrated and hyper¬ 
tonicity in dilute media to such an extent that they can live indefinitely in 
either the ocean or pure fresh water. For example, Eriocheir breeds in the 
ocean but migrates up European rivers where it grows to maturity. 

6. Strictly fresh-water crustaceans which do not return to the ocean. Exam¬ 
ples: crayfishes and fresh-water microcrustacea, 

7. Animals adapted to salinities greater than that of the ocean. Example: 
the brine shrimp, Artemia. 

No Osmoregulation: Marine Crabs. Maja is a marine spider crab which 
survives only a few hours in sea water diluted Bv more than about 20 per 



Fig. 9. Percetitagc increase in weight in crabs transferred to dilute sea water at zero 
hour. 0. Maja in 75 per cent sea water, A> Carcinus in 75 per cent sea water (Schwabe 
“)} •, Portunas in 66 per cent sea water; ®, Cancer in 66 per cent sea water (Hukada 

cent. 222 Maja araneus, Maja bufo , and Hyas araneus are usually taken at 
an ocean depth of 15 to 100 fathoms. 200 

Maja placed in diluted (80 per cent) sea water first swelled but within 3 
hours the weight decreased, owing to loss of salt and accompanying water 
(Fig. 9). 322 By the time the weight was back to normal the concentration of 
the blood was the same as that of the medium (Fig. 12). The rate of water 
intake was initially greater than the rate of salt loss, Conversely, when Maja 
was put into a more concentrated medium, salt was taken up and the body 
fluids again became adjusted to the external concentration (Fig. 11). 222 
Maja rapidly comes into isotonic equilibrium with a dilute medium (Fig. 10, 
curves C and D). 








22 


Comparative Animal Physiology 


Even at equilibrium Maja forms 2 to 2.5 ml. of urine per hour, or the 
equivalent of 3 per cent of its body weight in 24 hours. 36 In dilute sea water 
Maja becomes sluggish and its metabolism actually falls as its blood becomes 
dilute. 222 When the blood is isotonic with the medium the water excreted 
cannot have entered osmotically and it is likely that water is actively absorbed 
and excreted in the process of ionic regulation. 245 

Numerous other marine crabs behave similarly—PaZmwms vulgaris (Fig. 
12), 82 Portunas puher, 115 ’ m Portunas depurator (Fig. 10, curve E; Fig. 
12), 168 Cancer antennarius, Lophopanopeus heathii, Speocarcinus califom- 
iensis , 122 Hyas aranea (Fig. 12), 184 and Pagurus longicarpus . 180 When 
Hyas aranea is put into a mixture of sea water and isotonic sugar, 184 there 
is a brief rapid weight loss and then a slow rise in weight; thus salt is lost more 
rapidly than sugar can enter. 



HOURS IN DILUTE S.W. 

Fig. 10. Blood concentrations as freezing points (Ai) of several marine Crustacea after 
transferring to dilute sea water at time 0. (A) C arcinus from A«=2.33 to Ao—1.33. 
(B) Cardnus from A«=2.2 to A«=1.07. (C) Maja from A»=2.2 to Ao=1.54. (D) 
Maja from A»=2.33 to Ao=1.33. (E) Portunas from Ao=2.1 to Ao=1.07. Data for 
curves (A) and (D) from Schwabe; 222 data for curves (B), (G), and (E) from Mar- 
garia.™ 

An interesting variant of an osmolabile crustacean is Lemaeocera branch- 
ialiS) a copepod parasitic on codfish. The fish blood is hypotonic (equivalent 
to 1.443 per cent sodium chloride), and while the copepod is attached to its 
host it also is hypotonic to the sea water (equivalent to 2.0 to 2.8 per cent 
sodium chloride), but when separated from the host it becomes isotonic with 
the sea water (3.5 per cent saline). 182 


HOURS IN CONCENTRATED S.W. 


Fig. 11. Blood freezing point (Ai) of Maja and Eriphia after being transferred at zero 
hours from sea water of A»=2.33 to sea water of A<.=2.83 (Schwabe***), 



; 6 , ------ va ; or several marine Crustacea as a function of 

externa concentrations (Ac). Data for C arcinus: • (Schlieper™) n fNauel^ n 

V CSchiabe-) 1 

Portunas: X (Schwabe 2 * 2 ); Hyas: ® (Schlieper m ). v 
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Limited Osmoregulation; Invaders of Brackish Water. Eriphia spinifomis 
and Pachygrapsus mamoratus, 222 Cancer pagurus (Platycarcinus, Fig. 13 
curve E), 213 and Cancer magister, Hemigrapsus nndus (Fig. 13, curve D), 
and Hemigrapsus oregonensis (Fig. 13, curve B) 122 show a slight ability to 
remain hypertonic in dilute sea water (Fig. 13, curves B and D; Fig. 14, curve 
E). These crabs are isotonic or nearly so in sea water and in higher concen¬ 
trations, and hypertonic but not constant in blood concentration in increasing¬ 
ly dilute media. They are rock crabs occurring along the shore, sometimes in 
tidal pools. One important factor in their regulation is low permeability to 
water and salts. Figure 9 shows that in 66 per cent sea water Cancer swells 



Fig. 13. Blood concentrations (Ai) as a function of external concentrations (A«) in 
several Crustacea which' are labile in hypertonic media and show some regulation in 
hypotonic media. A Pachygrapsus crassipes; • Hemigrapsus oregonensis; R Rhithro- 
panopeus harrisii; 0 Hemigrapsus nudus. Datagram Jones. 1 ” 

less than does Maja in 75 per cent sea water, but that Cancer recovers more 
slowly in volume. Hence Cancer is less permeable to both water and salt. In 
a hypertonic medium (5.1 per cent salinity) the blood of Eriphia reached a 
concentration equal to that of the medium only after 72 hours, whereas Maja 
reached the same concentration as the medium in 12 hours (Fig. 11). 222 
A useful method for investigating salt permeability is to place crabs in sea 
water containing small amounts of iodine and to measure the amount taken 
up. When Cancer was bathed in sea water containing 0.5 per cent iodine, the 
crab took up 0.35 to 0.48 mg. iodine /cc. of blood after 7 to 8 hours. 84 When 
the intestine was plugged the uptake was the same. When a tube containing 
0.75 per cent sodium iodide was placed on the surface of the carapace, Cancer 
took up in 50 hours an amount corresponding to 0.048 mg./ec. of blood. 
Hence there may be some ionic uptake directly through the shell but most 
of the exchange is across the gills. The pdikilosmotic crabs Portunas and Hyas 
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are more permeable to iodide than the weakly homoiosmotic Cancer (Fig. 
15). 184 Investigations of salt transfer will be greatly facilitated by the use 
of radioactive tracers. 

The fact that Cancer swells less than Maja also indicates a lower permea¬ 
bility to water. Huf 114 fastened a tube to a hole in the carapace of Cancer 



Fig. 14, Blood concentrations (Ai) as a function of external concentrations (A<0 in 
a series of crabs which regulate in both hypertonic ami hypotonic media: Q Heioecius 
(Edmonds'*); 3, Uca crenulata (Jones 118 ); x E riocheir (Scholles*); A hander (Panik- 
kar 1M )j • Palaemonetes (Panikkar’ 8 "); and C an osmolabile crab, Cancer (DuvaF), 


t-ss^.ioo 

1 MEDIUM 



Fig. 15. Ratio of iodine in tbe blood to that in the medium after two and a half hours 
in sea water containing Nal. From Nagel.”* 

and measured the rise in water level in this tube when the crabs were put into 
dilute sea water. In 50 per cent sea water he recorded a pressure rise of 1.16 
cm.; in crabs with kidneys closed the pressure rise was 2.3 cm, The relation 
between excretion and osmotic stress has not been examined in this group of 
crabs; it would be of interest to know what regulating mechanism fails as the 
medium becomes more dilute. 
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Limulus, an arachnoid, shows some regulation of osmotic concentration. It 
survives for a week or two in dilutions as low as one-fourth sea water but dies 
in one-eighth sea water. One Indian species occurs in brackish water, 1,14 
When Limulus was transferred from a medium of Ao=l-82 to one of 
Ao—1-02, the blood concentration reached Ai=l-12 after 52 hours. 81 The 
marine isopod Mesidotea also appears to maintain a hypertonic blood in dilute 
sea water but to adjust to the external medium in concentrations greater than 
its normal habitat. 41 

Osmoregulation in Dilute Media: Shore Crabs. The shore crab, Carcinus, 
is capable of considerable osmotic regulation and hence is found in more dilute 
waters than any of the previously considered crabs. It can survive indefinitely 
in dilute sea water of Ao=0.60. 02 C. maenas is found from the high-water 
mark and tidal pools out to depths of a few fathoms, although it occurs in the 
Elbe river at a freezing point of -0.682 0 . 212 Figure 12 shows that in ordinary 
and in concentrated sea water Carcinus changes in internal concentration and 
may be slightly hypertonic, but that in dilute sea water it maintains itself with 
some constancy in a more concentrated condition. 82 In brackish water 
Carcinus remains hypertonic by as much as two times the external concentra¬ 
tion. 

When Carcinus is placed in a dilute medium it swells hardly at all (Fig. 
9). 222 Yet approximately 12 hours is required for the blood to come to a 
constant hypertonic concentration (Fig. 10, curve A). 1(18 This must mean 
that the permeability to water is very low. Chloride is gradually lost from 
Carcinus in a dilute medium, 184 In 50 per cent sea water the crab’s weight 
increased less than 0.5 per cent in 2V4 hours.- 114 When, however, the open¬ 
ings of the antennal glands (kidneys) were closed, the crabs in 50 per cent sea 
water gained 2.2 per cent in weight in 1 hour and 5.5 per cent in weight in 3 
hours. Apparently the gills are not impermeable to water, but the kidneys 
excrete water as fast as it comes in, Nagel 184 measured the urine output by 
plugging the kidneys for 10-hour periods and then measuring the loss after 
removing the plugs. He found urine output as follows: 


Urine output 
(ml./24 hrs./ 
50 gm. body wt.) 
5.1 
6.3 
8.5 


Salinity of medium 
(per cent) 

3.3 

1.62 

1.57 


Urine excretion increases with dilution of the medium, but not enough to 
account for the increased water intake. There was greater weight increase in 
66 per cent sea water with both antennal glands and mouth plugged (3,4 
per cent in 4 hours) than with only the antennal glands closed (2.7 per cent 
in 4 hours), hence water is eliminated by the mouth. 88 Carcinus gives off 
water by kidneys and gastrointestinal tract as fast as it takes it up in a hypo¬ 
tonic medium. 

Carcinus has low permeability to water and also to salts, both incoming and 
outgoing; it takes up less iodine from the medium than does Portunas, Hyas, 
or Cancer (Fig. 15). 184 Also, when iodine was injected into Hyas, after Wt 
hours 50 to 94 per cent of the amount injected had been lost to the outside 
medium, while Carcinus lost only 5 to 16 per cent of the injected iodine in 


114 hours. Carcinus took up less than one-seventh as much iodine as Cancer 
through a similar area of the dorsal carapace. 84 

The urine of Carcinus may be hypertonic, hypotonic, or isotonic to the 
blood when in sea water, and when in dilute sea water it may be slightly 
hypotonic to the blood but more concentrated than the medium. 184, 11,11 The 
high urine output in normal sea water cannot be osmotic water but rather 
appears to be a mechanism of ionic; regulation, and water must be taken in 
non-osmotically when the crabs are isotonic with the medium. Water is 
necessary for the excretion of undesirable ions like Mg ++ and S(V", 248 
It is probable, therefore, that the kidneys of marine Crustacea developed as 
salt-regulating mechanisms. 

In a dilute medium Carcinus consumes considerably more oxygen than in 
normal sea water, in contrast to Maja, m ■ 222 Part of the increased energy 
must go toward maintenance of the high concentration gradient. The con¬ 
centration gradient is maintained partly by active salt absorption. 184 Starved 
specimens maintain their concentration of body salts at a constant level despite 
continued urine excretion. Also, when transferred from a medium of low to 
one of higher salinity, the crabs take up chloride even against a gradient to 
their more concentrated blood. For example, when they were transferred from 
a medium with. 8.57 mg. Cl/ml. to one with 11.45 mg. Cl/ml., their blood 
concentration increased from 12.0 to 14 mg./ml. The transfer and uptake 
took place with the digestive tract closed, hence the gills were probably actively 
absorbing chloride, 184 

Three mechanisms play a part in osmoregulation of Carcinus in dilute 
medium: low permeability to both water and salts, increased fluid output with 
increased osmotic gradient, and active salt absorption. It is impossible to 
separate, osmotic regulation from ionic regulation except by degree, in different 
media. 

It is likely that Rhithropanopeus harrisii is similar to Carcinus in osmotic 
regulation (Fig, 13, curve C). 122 

Regulation in Both Hypertonic and Hypotonic Media. In Pachygrapsus 
crassipes (Fig. 13, curve A), Leptograpsus vurkgalusA 1 Sesarma erythro - 
dactyla , 122 Heloecius cordifomis (Fig. 14, curve A), (H Uca crenulata 
(Fig. 14, curve B), 122 Palaemonetes varians var. mkrogenita (Fig, 14, curve 
F), 180 and Leander serratus (Fig. 14, curve D), 1110 the blood concentration 
is even more constant with changes in the medium than it is in Carcinus. 
These crabs remain hypotonic in a concentrated medium. Pachygrapsus, 
which lives in sea water near the shore, is normally more dilute than sea 
water. 22,122 Some crabs, such as Pachygrapsus marmomtus, leave the water 
many times a day. Palaemonetes varians var, mkrogenita can live in brack¬ 
ish, salt, or nearly fresh water, and Crago vulgaris lives in the Elbe at a salinity 
of 0.43percent. 212 

Curves relating internal to external concentration in these animals are'nearly 
flat, with bypertonicity of the animal in dilute medium and hypotonicity in 
concentrated medium (Fig, 14), 122 At extreme dilutions a rapid fall in blood 
concentration occurs and the condition of the animal is poor, The maximum 
concentration at which the downward flexion of the Ai/A« curve occurs 
must limit the freshness of water which can be entered by the crabs. Investiga¬ 
tion of the means by which osmoregulation thus breaks down at low conccn- 
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trations would be of interest, as well as investigation of the mechanism of 
hypotonicity at high concentrations. 

During the molting cycle changes occur in osmotic concentration of the 
blood of Pachygrapsus cmsipes, In sea water of A«=1.975 the hard inter- 
molt crabs showed a Ai of 1.327; in those about to molt A«~2.601, in those 
newly molted Ai=2.193, and in crabs at the paper-shell stage Ai=1.76. -- 
Water and sugar content also changed during the molt, 21 
In some parts of the world certain crabs live on land most of the time, 
usually returning to salt water to breed. Their most interesting adaptations are 
respiratory. Pearse 105 - 1BB found the blood of several land crabs to be more 
dilute than that of marine crabs while in one the concentration was about the 
same. Their chitinous shells are good protection against evaporation. Hypo- 
osmotic forms such as Uca can live longer in air than can poikilosmotie crabs 
like Cancer, whose blood concentration increases markedly when they are 
exposed to air. 122 All crabs which show hypo-osmotic regulation are grapsoid 
crabs, and all land crabs are also grapsoids. It is probable that the hypo osmotic 
condition permits regulation against increased osmotic concentration of water 
in the branchial chamber when the crab is in air. 122 I Iowever, many grap¬ 
soid crabs remain in sea water, and it is unlikely that for these the ability to 
maintain hypotonicity can have adaptive value. 

Good Regulation Permitting Life in Either Eresh or Sea Water. A few 
crabs live successfully in either fresh or sea water. Young Eriocheir sinensis, 
according to Krogh, 143 ascend some of the rivers of Europe in the spring; 
they mature in fresh water, but in the autumn the adults return to the sea to 
breed. 

When Eriocheir is transferred to media of different tonicities there are no 
volume changes but the blood concentration does rise and fall slightly. Ani¬ 
mals living in North Sea water with A„ of 1.72 showed a Ai of 1.66, while 
those m fresh water showed a Ai of 1.22. 213 Eriocheir is hypertonic in dilute 
and hypotonic in concentrated media (Fig. 14). However, Eriocheir differs 
from Hemgrapm, Pachygrapsus, and Uca in not having a steep and lethal 
fall m its osmotic concentration in very dilute brackish or fresh water. 

The permeability of the gills of Eriocheir is extremely low. This crab takes 
up iodine even more slowly than does the fresh-water crayfish (Fig 15) w 

, r put is at , least 3 ' 5 trora a 60 «”>• £"«'■» in tell 
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1.91 Sea water of 2,23 
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The salt composition of the urine differs from that of the blood. The kidn 
therefore, put out much salt in the urine. 

In fresh water, Eriocheir replaces the salt it loses by actively absorbinc si 
salt through.the gills Krogh- observed that a crab loses sabS 
transferred from fresh to distilled water. After 24 hours the salt h Jin 
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ether the kidneys were open or closed; hence the loss of most of the chloi 



and of all of the ammonia appears to occur by way of the gills. When a 
specimen has had its chloride content reduced by prolonged immersion in 
frequently changed distilled water and is then put back into pond water or 
dilute salt solutions it absorbs salt very rapidly against a concentration gradient. 
The crab fails to reduce the concentration of the medium below 0.2-0,4 
millimolar. No difference in respiration in salt and in fresh water was 
detected. 222 

In Eriocheir, then, the kidneys have no osmoregulatory function hut do 
function in ion regulation. The crab is able to live in fresh water because of 
its low salt and water permeability and the ability of its gills to absorb chloride. 
Possible extrarenal routes of water excretion have not been investigated. 

Fresh-Water Crustaceans. The Italian crab, Telphusa jhmatilis, adjusts to 
high concentrations of its medium but regulates well at lower concentrations, 
maintaining a Ai of 1.17 in fresh water. (12 The urine of Telphusa is isotonic 
with blood. 215 Changes in blood concentration occur more slowly than in 
marine animals. 

In fresh-water crayfish the blood freezes at about ~0.8°C., which corre¬ 
sponds to a salinity of 1,4 per cent. There may be a normal fluctuation of 
10 per cent in blood concentration during a period of a week or two, 114 
When crayfish are put into dilute sea water (50 per cent or less) their internal 
concentration rises and they continue to be hypertonic, but in higher concen¬ 
trations of sea water, the blood concentration is isotonic with or slightly lower 
than that of the medium. Crayfish lived for a month in 66 per cent sea water 
and for three months in 50 per cent sea water. 42 - 302 

In isotonic (1,5 per cent) saline (diluted sea water) there was no weight 
change in crayfish, either normal or with antennal glands plugged, hut in more 
dilute media there was a considerable increase in weight in those with the 
kidneys plugged; in more concentrated (hypertonic) media there was a loss 
of weight by both groups. 102 Apparently, then, normal crayfish can regulate 
their volume in dilute or isotonic media hut not in hypertonic concentrations. 
r I he permeability of crayfish to both water and salts is low but not negligible. 

1 he volume increase in fresh water of crayfish with antennal glands plugged 
may he 5.5 per cent of body weight in 48 hours. 102 Permeability to iodine is 
low (Fig. 15). Most of the salt and water exchange occurs through the gills 
rather than through the body wall. Since weight remains constant the small 
increase in concentration in dilute sea water must be. due to uptake of salts. 

, Crayfish urine is much more dilute than urine of marine Crustacea or of 
Eriocheir, I he total urine output of crayfish in per cent of the body weight 
per 24 hours is 3,8 per cent, 102 5,2 per cent, lfil or 4,0 per cent, 220 an 
excretion volume not much higher than that in many marine crabs. The cray¬ 
fish urine, however, is very dilute. Mean freezing points of blood and urine 
in crayfish from fresh water (A«=0.018°) are as follows: 


Blood Urine 

,, , , , At*, A*.t>. 

Lantbam ekrkn m 0 , 644 °C, 0.065 "C. 

Astam fluvitnilis m 0,81 HI 0.09 “C. 

Astern fluvialiltf * 1 0.80 “C. 0.16 *G. 


When salt is added to the medium the urine concentration increases; in 
isotonic and slightly hypertonic solutions the urine output declines to zero. 
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Chloride concentrations in blood and urine, recalculated into millimols per 


liter by Krogh, are as follows: 

Blood Cl~ Urine Cl~ 
mM/1. mM/1. 

Astacus fluviatilis® 195 10 

Astacus fluviatilis m 196 10.6 

Cambarn clarkii m 117 9.6 


This difference suggests either that salt is reabsorbed into the blood or that 
water is secreted by the kidney. In Eriocheir in fresh water certain substances 



Fig. 16. Cross section of the kidney, of a crayfish, consisting of a much coiled but con¬ 
tinuous tube with coelomic sac, labyrinth* nephridial canal, and bladder. From Peters, 1 " 

such as magnesium are much less concentrated in the urine than in the blood, 
but chloride content is similar in each fluid, whereas in the crayfish all of the 
urine salts are lower in concentration than are the blood salts. 

The crayfish kidney consists first of a coelomic sac penetrated by blood 
vessels and sinuses and lined by a single epithelial layer (Fig. 16). Then 
follows the green tubular labyrinth, a sponge-like structure, and a long (3 cm.) 
nephridial canal, The canal empties into the urinary bladder. The blood 
supply is rich to all parts except the bladder. The blood vessels open into 
hemocoele spaces which surround the kidney tubules. In the lobster, which 
excretes an isotonic urine, the labyrinth tubule is larger, but the nephridial 
canal is not well differentiated. 198 The nephridial tubule in the fresh-water 
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Gammarus pulex is much longer than in the marine G, locusta, but there is 
little or no difference in kidney size in fresh-water and salt-water varieties of 
hhemomtcs various . m Thus the entire crustacean kidney is, in principle, 
like one unit of the vertebrate kidney. By means of a capillary pipette Peters 
removed samples of fluid from each of the regions of the crayfish kidney, and 
then measured their chloride content. His results in mM/1. (recalculated by 
Krogh) are as follows: ; 

Main End of . Neph, 

Blood Cod. Sac Labyrinth labyrinth Canal Bladder 

Cl" mM/1. 196 ±3 198 ±2 209 ±7 212 ±7 90 ±6 10 ±0,6 

flic fluid from the coelomic sac and labyrinth may Ire a blood filtrate, essen¬ 
tially isotonic with the blood, and in the nephridial canal chloride may be 
reabsorbed, leaving a dilute urine to enter the bladder. 

Evidence for filtration was given by Picken, 199 who measured a hydro¬ 
static pressure of 20 cm. H s O in thehrst leg of a crayfish, The colloid osmotic 
pressure of the blood was found to be 15 cm, H a O and that of the urine, 2 
cm, HgO. Hence filtration might occur from blood vessels to tubules, 

The histological picture is not compatible with filtration, however. 1 * 1 ' 11)5 
The coelomic sac and tubules lie in hemocoelic spaces, so that the pressure 
must be similar on all sides, and it is difficult to see how unidirectional pressure 
could exist as it does in a vertebrate kidney glomerulus, The epithelium of the 
coelomosac may show vacuoles; the nephridial tubule cells of a crayfish from 
fresh water contain many vacuoles which can be seen being extruded into the 
lumen. Crayfish kept in saline for several days lose these vacuoles and regain 
them when returned to fresh water. 101 - m The labyrinth cells can accumu¬ 
late and secrete dyes such as cyanol, phenol-red, and indigo carmine. This 
evidence argues against liltuion and reabsorption of salt but demands secre¬ 
tion of water. 

In no condition has a crayfish been observed to excrete totally salt-free urine. 
A crayfish weighing 50 gm. loses 600 mM of Cl daily. 11,1 Some salt is normal¬ 
ly obtained from food, but crayfish can be kept for weeks without food. The 
chloride content of the urine of starved crayfish is Jess than that of fed 
ones. In 8 days in distilled water the chloride content of the blood fell 
from 6.8 mg./gm. to 4.5 mg./gm,, he., a loss of about one third, and the crayfish 
eventually died. 114 When crayfish were removed from distilled water to fresh 
water before they died, recovery was complete. Krogh 143 washed out crayfish 
by leaving them in distilled water for 3 days and found that when they were 
then put into 0.02 Ringer solution they took up chloride at the rate of 2.3 
/*M/hr. over 3 hours, even though the external concentration was 2 mM and 
the internal concentration was 100 mM. From pure sodium chloride solution 
of the same concentration the uptake was initially greater (6.0 /tM/hr.); the 
rate of uptake later slowed, but at all times the active absorption was at a lower 
rate than in Eriocheir, Astacus took up bromide at about the same rate as it 
did chloride. 1 he gills take up silver salts, and washed-out crayfish take up 

Cl’“ from KOI, Na+ and Cl.from NaCI, and Na 1 from Na a SO<, 

By its low permeability and by two energy-requiring proeesses-salt reab¬ 
sorption or water secretion in the kidney, and active salt absorption by the gills 
—the crayfish is able to maintain a high internal concentration while living 
in fresh water. 
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It has frequently been reported that fresh-water animals consume more 
oxygen per unit weight than do brackish and marine forms. The following 
figures 153 showing the cubic millimeters of oxygen consumed per gram of 
weight per hour for three species of Gammarus support this: 

Fresh water Brackish water Sea water 
G. pulex G, chevreuxi G, marims 

Unanesthetized 1098 648 562 

Anesthetized 443 529 300 


Further, the oxygen consumption in unanesthetized G. chevretm was 516 
mm. 3 /gm./hr. in 100 per cent sea water and 648 mm. 3 /grn./hr. in 25 per cent 
sea water. The oxygen consumption of crayfish is 30 to 40 per cent higher in 
fresh water than in isotonic sea water. 198 ' 222 Part of the extra energy made 
available in fresh water must provide for the salt and water secretory move¬ 
ments against concentration gradients; part may be concerned with maintain¬ 
ing low permeability to salt and water. 


Krogh suggests that the capacity to absorb salt actively is of wide occurrence, 
especially among fresh-water animals. He gives evidence from Fritsche indi¬ 
cating that Daphnia absorbs salt. The fairy shrimp, Chirocephalus diaphams, 
loses salt rapidly in distilled water but recovers it in a very dilute salt solu¬ 
tion. 191 Branchipus and Apus (Lepidurus) are unable to remain alive long 
in distilled water, fresh water, or dilute Ringer solution without food. Krogh 
suggests that these animals lack the power of active salt absorption. 

In contrast to those animals which are dependent on salt absorption, Gam¬ 
marus pulex remained healthy in glass-distilled water which was changed 
twice daily and lost chloride for only the first 2 to 5 days, 28 Also Asellus and 
larvae of the mosquito Aedes live well in distilled water. In these animals salt 
retention is important and survival is possible, at least over periods of days, 
without salt absorption, However, adjustment to low tonicity of the environ¬ 
ment does require some initial loss of chloride. 27 


Regulation Permuting Life in Salt Lakes: Brine Shrimps. The fresh-water 
Crustacea have specialized in hypertonicity in dilute media. A few Crustacea 
have gone to the other extreme and maintain hypotonicity in concentrated 
brine. Artemia, the brine shrimp, lives in Great Salt Lake in a salt concentra¬ 
tion of 22 per cent and m salt lakes of even higher concentration in other parts 
of the world. Artemia is normally hypotonic but varies its internal concentra¬ 
tion with the medium. 177 In a lake of 8.4 per cent salinity the blood con¬ 
centration was equivalent to 13 per cent sodium chloride. In an external 

ru ty i° per Cent the blood c0ncentratl0n was equivalent to 2.4 per cent 
Wad, hence blood concentration did not increase in proportion to concentra¬ 
tion of the medium. 143 Weight is gained or lost when Artemia is transferred 
to hypotonic or hypertonic media. The permeability of Artemia to heavy water 
is low compared with that of Daphnia (Ussing, from Krogh 143 ). Artemia 

r? f t,“L dy % whldl " st ( i rasto through the gills, only bv 
mouth. There must be other mechanisms, besides the low permeability, 
which enable the brine shrimp to have a blood concentration as low as 10 per 
cent of that of the medium. There is some evidence for water storage in the 
intestine m a dilute medium. 143 The gills of Artemia are larger in media of 
high salinity than in media of low salinity, an effect probably related to lower 
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oxygen content in the media of high salinity, kit possibly also related to salt 
excretion. 218 


ADAPTATION TO FRESH WATER 

All fresh-water invertebrate animals are hypertonic to the medium. None 
(except some eggs) are impermeable to water, l ienee probably all fresh-water 
animals have a mechanism for excretion of urine hypotonic to the blood, Some 
separation of water from salt is made by the excretory organs. The body 
surface may retain salt but no fresh-water animal, so far as is known, excretes 
a totally salt-free urine. The salt necessarily lost in the urine must be replaced 
by food or by active absorption. 

Aquatic Insects, Insects are essentially terrestrial animals but in many 
orders some members have invaded fresh water, at least for larval life. There 
are some larvae in salt lakes, and a few venture into brackish water. There are 
marine chironomids. A brackish-water species of Corisidae or water boatman 
(Sigura lugubris) has ken compared with two fresh water species (8, distincta 
and S. fossanm). 88 The brackish water insect is found over a salinity range 
of 0.5 to 1.8 per cent. The curves relating internal and external concentrations 
resemble similar curves for the regulating fresh-water Crustacea. The blood 
concentration of Sigura luguhm is constant in media ranging from 0.1 to 
abut 1.5 per cent salinity; in media blow 0.17 per cent salinity the blood 
concentration declines, and in media above 1.5 jter cent salinity it rises, The 
fresh-water species does not*reguke so well, but it increases its blood concen¬ 
tration by only 30 per cent in going from 0.1 to 1.8 per cent salinity. There 
is no information regarding the mechanism of this regulation. 

The blood and cuebmic fluid of various aquatic insects are similar in osmotic 
concentration to those of other fresh water animals. Insects differ from other 
animals in the small fraction of their osmotic pressure due to chlorides and 
the large fraction due to organic substances, particularly amino adds. The 
chlorides in body fluids of Culex and Aedes account for only 35 to 40 per cent 
of the total osmotic concentration. 249 

I he only aquatic insects which have been examined carefully as to their 
osmoregulation are dipteran larvae, particularly mosquitoes and midges, lire 
details of their adjustments are discussed by Krogh m and by Wiggles 
worth. 889 1 he so-called anal papillae of gills which had been thought to be 
respiratory organs actually have no respiratory function. 347 * 318 Isolated 
papillae, however, swell in tap water and constrict in Ringer solution. If an 
Aedes argenteus larva is ligated ahead of the opening of the malpighian tubs 
into the gut and then put into hypertonic glucose the hind part shrinks, 
whereas without the ligature the whole larva shrinks, If the animal is ligated 
just behind the opening of the malpighian tubes and placed in fresh water 
the posterior region becomes swollen, whereas the anterior part does not. fly 
several such ligation experiments Wigglesworth found that normal larvae 
swallow very little water, that the anal papillae tire the part of the body most 
permeable to water, and that water is excreted by the malpighian tubs (Fig, 

When Aedes larvae are transferred to various media a constant osmotic 
pressure is maintained in an external concentration lower than or equivalent 
to 0.65 per cent sodium chloride; 247 - 84 »> 349 in media of higher concmwtltm 
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the body fluid adapts to the medium (Fig. 26). The tolerance of salinity 
depends on the medium in which the larvae are reared. Larvae of Aedes 
argenteus reared in fresh water are killed when they are transferred directly 
to 1.1 per cent sodium chloride or to sea water diluted to the equivalent of 
1.3-1.4 per cent NaCl, whereas if the concentration is increased gradually the 
larvae are able to live in these media. The anal papillae of Culex pipiens 
larvae reared in 0.65 per cent NaCl are very small; when they are reared in 
0.006 per cent NaCl, the anal papillae are larger; when the larvae are reared 
in distilled water the anal papillae are very big and the epithelial cells may 
become vacuolated. The anal papillae of Aedes detritus larvae in Algerian 
ponds of a salinity equivalent to 1.2-10 per cent NaCl are smaller than those 
of larvae of A. aegypti from fresh water. 20 The larva of Chironomus tkmimi, 



hg. 17. A, Hind end of larva of the mosquito Aedes aegypti. reared in salt water 
a , cld ln lui P en °f malpighian tubes. B, The same larva, a few minutes 
f. ? ! t0 | restl water; the malpighian tubes have been flushed out by water entering 
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in a dilute 36 en ar 8 ed and actively absorb salt when 

• The urine as formed in the malpighian tubes is similar 


in osmolar concentration to the abdominal body fluid, hut salts are reabsorbed 
from the urine after it enters the hind gut. Similarly, in larvae of Limnophihts 
reared in a salinity equivalent to 0.01 per cent NaCl the osmotic concentra¬ 
tion of the coelomic fluid was equivalent to 0.0310.048 per cent NaCl, and 
that of the secretion from the malphighian tubes was similar (0.0314066 
per cent NaCl), whereas the rectal urine was very dilute (equivalent to 0.000- 
0.009 per cent NaCl). H 

Sponges, Coelenterates, Flatworms, and Molluscs. How fresh-water sponges 
and coelenterates keep from swelling to the bursting point is not well known. 
Fresh-water sponges appear to eliminate water by contractile vacuoles in 
amoebocytes and choanocytes, Marine sponges lack these} contractile vacu¬ 
oles.! 119 The osmotic concentration of cells of the fresh water sponge, 
Spongilk, in summer is low (25-30 mM NaCl) but at the time of gemrnula 
tion the concentration rises (110 mM NaCl). 288 

Two fresh-water coelenterates (Pelmatohydra oligmth and Chkwhydra 
viridissima) have been maintained in brackish water of 0.25 per cent salinity, 
where the cells were shrunken;-in distilled water they were swollen, 

The endoderm cells of Hydra contain vacuoles which resemble the vacuoles 
in the cells lining the gut of many turbellarians, - These vacuoles in Hydra 
are not seen to contract. When Hydra is placed in pyrex distilled water these 
vacuoles greatly enlarge; in a few hours the body cells separate and the animal 
disintegrates. Addition of small amounts of salts (calcium and other ions) 
to the distilled water does not prevent swelling and disintegration. Some sub¬ 
stance must be present in pond water which keeps permeability to water low 
and prevents separation of the cells. 

Free-living flatworms have an excretory system of protonephridia which 
probably function in getting rid of osmotic water. In a culture of K tmmtwmm 
oedematus distended individuals were found to have damaged protoneph¬ 
ridia. lf)ii A turbellarian, Gyratrix kmaphroditus, collected from fresh water 
showed a well developed protonephridia! system, parts of which took up 
vita] dyes. 147 In brackish-water specimens ampullae and paranephrocytes 
are absent; in marine specimens the tubules also are lacking. Planaria<* and 
Dendrocoelum 7 gain weight in distilled water and lose weight in physiolo¬ 
gical saline, hence they must normally excrete a hypotonic urine. 

Fresh-water bivalve molluscs have a very low blood concentration. The 
blood concentration goes up with increasing external concentration, but the 
animals are unable to survive in •concentrations which approach the concen¬ 
tration of the blood of frogs and other fresh water animals, 02 Anodmta, 
adapted first to distilled water and then transferred to dilutions of sea water, 
showed no weight change in hypotonic solutions (less than A..' "dll ) but lost 
weight in more concentrated solutions, 09 Anesthetized specimens, however, 
gained weight in a hypotonic medium. 70 Anodonta is, therefore, permeable 
to water. Fluid from the pericardial cavity passes- through the nephrostome 
into the kidney, The blood and pericardial fluid are equivalent .osmotieaily to 
0.1 per cent NaCl and the urine to 0.06 per cent NaCl. 201 The blood- is 
under a hydrostatic pressure of about 6 cm. {]■/), and the colloid osmotic 
pressure of the blood is-some 3.8 mm. I LO. This would- allow the pericardial 
fluid to be formed by filtration through the wall of the heart, and Picker* 201 
actually drained pericardial fluid for a short time at the rate of 250-300 ml/24 
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hr. in an animal weighing 50 grams (without shell). Fluid collected from the 
kidney (organ of Bojanus) is lower in chloride and calcium but higher in 
protein and nonprotein nitrogen than the blood . 70 Hence the kidney reab¬ 
sorbs some salt but still much is lost in the urine. The salt intake by food 
could supply only a small fraction of this amount and, furthermore, fresh¬ 
water mussels will live well for many months in running tap water without 
food, with little change in blood concentration. • 60 To compensate for the 
salt loss it is likely that salt is actively absorbed. Anodonta and Unio can 
actively absorb chloride and sodium from approximately millimolar solutions, 
but they cannot reduce the concentration below about 0.1 mM, J ' i;t Krogh 
suggests that when salt absorption by the body surface is prevented, as in 
distilled water, the nephridial salt reabsorption may be increased so that the 
urine concentration may approach zero. 

The kidneys of most gastropods and pelecypods are connected to the peri¬ 
cardial cavity and may receive pericardial fluid directly into the kidney lumen. 
In addition, the kidneys receive a rich supply of blood returning from visceral 
sinuses, and the epithelium in some regions is highly vacuolated and secretory. 
The hydrostatic pressure in the postrenal sinus may even exceed pressure in 
the pericardium (see Chapter 15). Urine volume cannot, therefore, be calcu¬ 
lated from pericardial filtrate or urine composition be inferred from the fluid 
from the interior of the kidney. A histophysiological study of the molluscan 
kidney would be useful. 

Snails show wide fluctuations in osmotic concentration according to activity 
and water supply. ■ 110a The snail Limnaea has a blood concentration equiva¬ 
lent to 0.43 per cent NaCl and urine concentration of 0.3 per cent NaCl. 201 
Limnaea is able to absorb salt actively from 0.01 Ringer solution . 143 The 
land snail, Helix, has blood equivalent to 0.69 per cent NaCl when hiberna¬ 
ting and to 0.5 per cent NaCl when active . 126 The blood concentration of 
a land snail dropped from a normal value of Ai=0.47 to Ai—0.2 after a 
rain. 12 

Earthworms and Leeches. There are many fresh-water annelids, specifically 
Hirudinea and Qligochaeta; the earthworms are adapted to life in moist soil 
where osmotic stress is intermediate between that of fresh water and that of 
air. Soil-dwelling earthworms can live indefinitely in aerated fresh water or 
in moist air. Adaptive mechanisms of water balance in earthworms have ten 
examined in detail. 3 ' 7| 16 > 164,205a ' 233 

The blood of freshly collected earthworms is similar in osmotic concentra¬ 
tion to the blood of aquatic vertebrates; A f . n . of Lumbricus body juice is 0.31 03 
of blood plus coelomic fluid 0.59°, 164 of coelomic fluid of worms in distilled 
water 0 , 3705 a ^ £ fp of ph eretim y ood is o.4 0 -0.5 0 . 10 There is much 
variation in osmolar concentration according to the state of hydration. 

When an earthworm is transferred to tap water it absorbs water equivalent 
to as much as 15 per cent of its initial weight in about 5 hours. Water-adapted 
worms removed from aerated fresh water to moist air or soil lose water . 2 " 2 ' 283 
Hence under natural conditions an earthworm is always in a semi-desiccated 
state. ■ 18 In dry air earthworms can survive a loss of 70 to 80 per cent of 
their body water . 06 ' 247 Water goes out of the worm after excess hydration 
more quickly than it is taken in after dehydration . 7 Earthworms orient 
toward a moist and away from a dry surface . 282 


In air the body surface is kept moist by excreted water, and upon irritation 
coelomic fluid is lost through the dorsal pores. A Japanese worm is said to 
throw coelomic fluid a distance of one foot into the air. B(l Fluid loss by way 
of the intestine is slight, Fluid collected from the anterior end of the intestine 
has a higher osmotic concentration than the blood . 164 Worms tied at both 
ends gain weight in water no faster than worms not tied. Pressure of 4.5 cm, 
H 2 0 measured by a cannula in the gut corresponds to an intestinal excretion 
of 0.25 per cent of the basal weight per hour , 2153 
Nephridial excretion by worms in water is 2-2.5 per cent of the basal weight 
per hour .**' 1C - 203 Analysis of earthworm urine, collected by an ingenious 
device, is shown in Table 1 . The urine is hypotonic to blood and coelomic 


TABLE l; COMPOSITION OP BODY FLUIDS OF VHERET1MA POSTHUM A* 



Blood 

Coelomic Fluid 

Urine 

A*.?. 

0.40-0.50 

0.285-0.31 

0,050-0,065 

urea (mg. %) 

2.638 

2.52 

3.24 

protein (mg. %) 

3643 

479 

30 

glucose (mg. %) 

100 

nil 

nil 

Cl™ (mg. %) 

50 

80 

3.7 


Twin Bahl. 18, lfl See also Table 9 in Chapter 3. 


fluid and contains much less salts hut more urea. In Lumbricus temstri s in 
tap water the chloride concentration in urine is 20 mg./KX) cc. and that in 
coelomic fluid is 270 mg ,/100 cc, The osmotic concentration of coelomic fluid 
is equivalent to 0,53 per cent NaCl and that of blood is slightly lower. 2W!i " 

Earthworms show a wide variety of types of nephrklia (reviewed by Bahl Ifl ). 
Some are large, occurring as one pair per segment; others are small and very 
numerous in each segment, The best known nephrklia open into the coelom 
by a funnel, but there are many which are closed internally, Some earthworms 
(e.g., Pheretima posthuma in India) have some nephridia which empty into 
the intestine, i.e., are enteronephrie; whereas others (e.g. Lumbricus, Euty • 
phoeus) have all of the nephridia opening externally, i.e., are exonephric . 14 
The castings of enteronephrie worms are drier and these worms live in a drier 
environment than exonephric worms, 

Coelomic fluid enters the nephridial funnels (nephrostomes) under the force 
of ciliary beat; particles such as Chinese ink are seen to enter the nephridia 
from the coelom only when the distal portion or bladder is empty. m Dyes 
and particulate matter may Ire found inside nephridial epithelial cells; these 
substances are either absorbed from the tubule 56,851 or are phagocytized by 
migratory chloragogue cells and deposited in the tubules. Breakdown products 
of hemoglobin are transferred from blood to certain nephridial cells where 
they are stored . 15 Fluid collected in the ampulla and bladder is markedly 
hypotonic to the coelomic fluid, hence capacity to form hypotonic urine is 
greatest in the wide tube of the ampulla , 2054 Ciliary propulsion, active trans¬ 
port across the tubule cells, and phagocytosis combine to produce the urine 
from coelomic fluid and blood, Cytological comparison of nephridia from 
worms in water and in air might provide evidence regarding secretory function. 
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The salts which are lost in the hypotonic urine of worms in water must he 
replaced. Some salts come from ingested food. Earthworms actively absorb 
chloride from very dilute salt solutions . 182 Leeches which have lost some of 
their body salts by living in distilled water for about two weeks absorb from 
0.01 Ringer solution as much as 0.48 mM salt per gm. body weight during 
the first half hour of immersion . 143 

ADAPTATION TO MARINE, FRESH-WATER, AND 
PARASITIC LIFE (PROTOZOA) 

Protozoa are a diverse group of animals which are so small that direct 
measurement of the osmotic concentration of their cytoplasm and their excre¬ 
tion is difficult. Indirect evidence indicates, however, that many marine and 
parasitic Protozoa have no osmotic problem, that is, they are isotonic with their 
medium. All fresh-water Protozoa have a distinct osmotic problem in that 
they are hypertonic to their medium. Some species can readily withstand 
transfer to extreme concentrations of the medium, from distilled water to 
concentrated sea water; others are extremely limited in their osmotic tolerance 
It has been variously suggested that the contractile vacuoles of Protozoa func¬ 
tion in excretion of water, nitrogenous wastes, C0 2 , and salts. 

Structure of Contractile Vacuoles. Some Protozoa have one contractile 
vacuole, some have two, and others have several. In some marine species con¬ 
tractile vacuoles are absent in sea water but they appear when the animals 
are transferred to fresh water. Usually a contractile vacuole is formed when 
numerous small vacuoles or vesicles fuse; these may arise in a given area or 
m various parts of the cell. In some species, particularly among ciliates, there 
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?l oi, V 1 ,? ‘ hC rh T tls ' A mir “ and A adjust rapidly 
•It ™ J 01 a Ranged medium, so that their volume is similar 

1 > “r e T“ iS k f lol “" t * changes and 

requires 6 o 12 hours to adjust its volume after transfer from fresh-water 

culture to distilled water or to a solution of nonelectrolyte. Amoeba lotL 
transferred to a solution of sugar (lactose) above 0.005 M showed amady 
dctluic m volume for 0 to 7 days after which there was sometimes a slight 
me, but survival was rare alter that time in the nonelccirolyte. Starvation 
compheated the late reactions, but it seems certain that Amoeba proieus has 
very tttle volume regulation. The fresh-water eiliato Hhabimjk brevipes 
and the marine /mthmmhtm tmrmirn also Failed to show any tendency to 
return to their original volume, at least for 3 hours of measurement in a solu¬ 
tion ot changed tonicity, whereas the brackish-water Cothmm cumin when 
transferred to a dilute medium swelled initially but after 2-3 hours showed a 
slight decline ui volume, three species of Buplmes which occur in fresh 
water, in 2.5 jo cent, and in 4 per cent salinity arc of diminishing size, in 
tluit order. - If the fresh-water species becomes adapted over a period of a 
month or more to I per cent salinity it decreases in size. 

Membrane Permeability. The preceding observations indicate a consider- 
abe permeability to water but an extremely low permeability to salts in 
mornyxa, A, proteus, Rhabdostyla , and Zoothamnium, and a high salt perme¬ 
ability in A mira and A . lacerta, Even in the latter two species, volume 
adjustment is much slower than in marine eggs, Permeability constants for 
incoming water calculated on the basis of swelling give, in ^V/r/atm./min,, 
values between 0.026 and 0.031 for A, proteus , 174 0.023 for Pelomyxa, 31 
and between 0.125 and 0.25 for lfesh-water peritrichs. m These values are 
low compared with permeability constants of 3 for human erythrocytes and 
0.4 for fertilized Arbacia eggs. It appears that there is no close correlation 
between the permeability of the different species for water and volume regula¬ 
tion. Lower permeability to salt than to water was indicated for marine peri¬ 
trichs by their tendency to swell when vacuolar output was reduced by cyan¬ 
ide. 43,1 . A high outward permeability to salt in Amoeba mira is shown by the 
observation 178 that when the animal was transferred from 100 per cent to 
5 per cent sea water the volume increased fivefold in 12 minutes and then 
after 90 minutes decreased to the original size. During this decrease in size of 
3000 p’\ only 700 /P of water went out by way of the vacuoles. The rest must 
have gone out across the body surface. 

R is probable that Protozoa, like most other animal cells, are more permeable 
to CO« and urea than to other nonelectrolytes. Considerable shrinkage of 
marine peritrichs (Cothurnia) in isotonic solutions of sucrose, glycerol, and 
even urea, indicates a very low inward permeability for these nonelectro¬ 
lytes. ,A ' Several parasitic ciliates failed to take up vital dyes when the cyto- 
pharynx was dosed, but accumulated dyes readily when it was open . 187 It 
would be of interest to study the permeability of those parasitic species which 
lad oral openings. There is much variation, but Protozoa in general are cells 
of relatively low permeability. 

Osmolar Concentration of Cytoplasm. The osmolar concentration of the 
cytoplasm of marine and parasitic Protozoa is probably similar to the concen¬ 
tration of the medium in which they live. Minimal shrinkage of Amoeba 
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proteus occurred in 0.005 M lactose 174 and that of Vorticella in 0.0125 M 
lactose , 172 hence the osmotic concentration of the cytoplasm in the respective 
organisms must be slightly less than these values. Kamada 127 reasoned from 
contractile vacuole responses that in a very dilute medium (approaching dis¬ 
tilled water) the osmotic concentration of the cytoplasm of Paramecium is 
equivalent to 0.025 M NaCl. Measurements of the vapor pressure of Spirosto- 
mum cytoplasm 200 gave a value corresponding to 0.025 M NaCl. It is of 
interest that the oxygen consumption oiParamecium is minimal in 4 per cent 
sea water 0—0,024 M NaCl ). 99 Hoptopkrya, a ciliate from the gut of sala¬ 
manders, is rounded and turgid in salines more dilute, and flat and wrinkled 
in salines more concentrated, than 0.5 Ringer solution (0.06 M ). 158 Con- ;! 
ductivity measurements are not strictly comparable, but conductivities corre¬ 
sponding to the following concentrations of KC1 85 were found: Amoeba 
proteus 0.01 N KC1, Paramecium 0.06 N KCl, and Spirostomum 0.0385 N 
KC1. It seems certain from the preceding observations that the osmotic con¬ 
centration of fresh-water Protozoa in their natural medium is 5 to 10 times 
lower than that of most other fresh-water animals, and that the concentration 
of Amoeba proteus cytoplasm is less than that of the cytoplasm of Paramecium 
or Spirostomum. 

Function of the Contractile Vacuole. Contractile (c.) vacuoles eliminate 
water and help to maintain a constant volume. In marine and parasitic pro¬ 
tozoa the c, vacuole eliminates water of a nonosmotic source, i.e., water from j: 

food and metabolic water. The low permeability of the cell surface to salts i : 

mentioned previously raises the possibility that the c. vacuole may also func¬ 
tion in the elimination of salt. Nothing is known of specific ionic regulation in 
marine Protozoa, and the c. vacuoles may well eliminate certain ions differ¬ 
entially. 

Evidence that the c. vacuole functions in osmotic regulation comes from 
the distribution of c. vacuoles among protozoa in different habitats as given 
m the following tabulation . 187 



Rhizopoda 

Hageliata 

Ciliata 

Sporozoa 


Fresh water 
present 
present 
present 


Marine 
present in few 
present in many 
present in most 


Endoparasitic 

absent 

absent from nearly all 
present in many 
absent 


lhis table shows that in all fresh-water Protozoa a contractile vacuole i 
present. It is absent from most endoparasites except among ciliates. It i 
present m many marine Protozoa. Kitching 187 suggested that the mud 
higher occurrence of vacuoles among marine ciliates than among rhizopod 
may be a holdover from previous fresh-water habitat. It seems more likely tha 

to mmWl d , W1 A 4 ' °T“ salt ,P eImeaMit y ™<1 poorer volume adjjmen 
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and the pukauon frequency of the c. vacuoles must be considered to 
measure of the total w, tei excretion. Further, measurements mus he mad 



in a hanging drop or in such a chamber that coverglass pressure and other 
experimental conditions do not influence the rate. Measurements must be 
made on nonfeeding individuals. When these precautions are taken, there 
is little doubt that fresh-water Protozoa eliminate more fluid by their c. vacu¬ 
oles than do marine or endoparasitic forms in natural media. A summary of 
all available data on vacuolar output was made by Kitching, 137 The time 
required to eliminate a quantity of water equal in volume to the body of the 
animal, for fifteen fresh-water species (except one), ranged between 4,1 and 
53 minutes, whereas for four marine species it was 2% to 4H hours, and for 



Fig. 18. Rate of excretion in cubic micra of fluid per hour per cubic micron of proto¬ 
plasm in Amoeba mira adapted to different dilutions of sea water: 0 actively feeding 
specimens; @) nonfeeding specimens. From Mast and Hopkins.” 8 

one endoparasitic ciliate (measured in fresh water) it was 4 hours. More recent 
data on marine and fresh-water forms are in agreement. 

Further evidence for the osmoregulating function of c. vacuoles conies from 
data on Protozoa transferred experimentally to solutions of various osmotic 
concentrations. A few examples will be selected from the voluminous litera¬ 
ture. 

Numerous marine and parasitic Protozoa can be cultured in media of 
different tonicities, Amoeba mira can live in distilled water or in sea water 
concentrated to one-tenth volume by boiling. The average size of the amoebae 





42 


Comparative Animal Physiology 


Water 


43 


is not significantly different once they are adapted in media of different tonici¬ 
ties. Figure 18 gives the rate of fluid elimination as a function of external 
concentration. In actively feeding specimens "the rate of elimination is in¬ 
versely linearly proportional to the concentration of the culture fluid," 176 

Vahlkampfia calkensi, an amoeba parasitic in the oyster digestive tract, was 
kept growing and multiplying in sea water on agar. 107 Under these condi¬ 
tions it had no contractile vacuole. When it was transferred to a similar agar 
culture made up with tap water or distilled water, one or more vacuoles devel¬ 
oped and pulsated regularly. The more active the amoebae were, the more 
frequent the pulsations. 

Several species of marine Peritricha survive in dilute sea water. In a dilute 
medium the volume rises slightly; the vacuolar output initially rises, then 
decreases to a new steady value higher than that occurring in 100 per cent 
sea water (Fig. 19). It was possible to balance exactly the increased vacuolar 
output by adding a nonelectrolyte of proper concentration. Kalmus 124 made 


TIME IN MINUTES 



Fig. 19. Body volume in cubic raicra (upper half of figure) and excretory output from 
contractile vacuole (lower half of figure) in marine peritrich Cothurnia successively in 
noma 1 sea water, m m per cent sea water, in IVA per cent sea water containing m/500 
cyanide, in 12 Vi per cent sea water, m 12 Vi per cent sea water containing m/500 cyanide, 
m m P er sea water, and m normal sea water'. From Kitching. 1 " 

similar observations on the marine ciliate Amphileptus gutta, After a week in 
70 per cent sea water the vacuolar rate was 21 per cent higher than in normal 
sea water; m 60 per cent sea water and lower concentrations, hynervacuoliza- 
tion was noticed. 

Numerous fresh-water Protozoa show effects the reverse of those shown by 
marine Protozoa. The fresh-water Amoeba verrucosa has been cultured in 
10 percent sea water. 20 ' 11 When the sea water concentration was increased 
gradually the pulsation slowed and the contractile vacuole finally disappeared. 
No vacuoie was seen when the animals were in 50 per cent sea water. When 
fresh water was added, the vacuole reappeared. 

Similarly fresh-water peritricbous ciliates showed considerable slowing of 


pulsation of the c. vacuoles in very dilute sea water. In concentrations higher 
than 12 per cent sea water all pulsations stopped. 1:11 Eupbtes patella kept 
in 65 per cent sea water often contained a large vacuole which did not con¬ 
tract 234 

More adaptation- experiments have been carried out with Paramecium 
caudatum than with any other species. When Paramecium is first put into a 
hypertonic solution the body becomes flattened as water is withdrawn hut 
later recovers its normal shape. 77 - 188 In increased external concentrations 
the amount of fluid expelled by the contractile vacuoles decreases.' 13, 8:t - 12)1 
In Paramecium caudatum 101 the vacuolar excretion of fluid decreased in 
salt solutions of increasing concentrations as follows: 


Vacuolar output of 
fluid in equivalents 
of body volume per hour 
4.8 
1.38 
1.08 
0.16 


Per cent NuCl 
solution 
0 

0.5 

0.75 

1.0 


Cultures of Paramecium woodruff and Paramecium cikinsi were established 
in several dilutions of sea water. 78 After 5 months the average intervals 
between pulsations of the c. vacuoles in P. woodruff were 13 seconds in fresh 
water, 22 seconds in 25 per cent sea water, 32 seconds in 50 per cent sea water, 
47 seconds in 75 per cent sea water, and 65 seconds in 100 per cent sea water. 
Pi calkinsi showed an average interval of 23 seconds at all concentrations. 
Paramecium caudatum acclimated much less readily to sea water, although 
Frisch 77 did culture it in 5 per cent sen water and allowed the water to evap¬ 
orate so that in 24 to 42 days the culture medium was equivalent to 40 per 
cent sea water. The intervals between pulsations of the c. vacuoles lengthened 
from 11 seconds to 89 seconds, although some recovery of rate occurred later 
in the 40 per cent sea water. There may he specific salt effects in addition to 
tonicity. For example, in Paramecium caudatum 08 in glucose solution of 
Af.i. =0.075 the c. vacuole pulsated at 2,4-4,1/min., whereas in Ringer solu¬ 
tion of the. same osmotic concentration the. rate was 3.8-4.7/1 min. and in 
CaGla of the same osmotic concentration it was 4.2-7,2/min. Differences be¬ 
tween pulsation rate in isosmotic Nad and glycerol are reported for Glaucoma 
colpoda (Degen, quoted by Metzner 17 "). It appears, therefore, that the c. 
vacuoles of Protozoa have an osmoregulating function but that other factors 
besides tonicity of the external medium may affect the amount of fluid ex¬ 
creted. In marine Protozoa c. vacuoles eliminate water taken in with food and 
may eliminate ions. 

Avenues of Water Entrance. Three routes of entrance for water have been 
described: (1) across the body surface, (2) with food, and (3) through the 
cytopharynx membrane. All water must enter through the body surface in 
nonfeeding rhizopods and in mouthless parasitic ciliates (some of the Opaline 
dae), The values given previously for vacuolar output in different media 
are largely nonfeeding determinations. The permeability to water as given 
above is great enough that if the cells in fresh water had no vacuoles they 
could not survive long. For example, Pehmyxa carolinensis kept without 
food decreases about 8 per cent in volume every 24 hours for 3 days 2 " 
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and loses by its contractile vacuoles 3.8 per cent of its body volume per hour. 

Much of the water given off by c. vacuoles has entered with food. If marine 
Protozoa are isotonic, no water can enter by osmotic gradient. In Amoeba mira, 
for example, clear vacuoles appear while food is being digested; later the 
vacuoles expel their contents. 175 No large vacuoles appear when the amoeba 
is not feeding (Fig. 18). In fresh-water Peritricha 136 the rate of uptake of 
water by the food vacuoles is 8 to 20 per cent of the rate of fluid output by the 
c. vacuoles. In Paramecium the uptake by the food vacuoles may account for 
30 per cent of the excreted water. 68 There is a good correlation between rate 
of food vacuole formation and rate of c. vacuole elimination. 11, 76 

A third route of water intake, utilized by ciliates, is through the pharynx 
surface. Many parasitic ciliates which have no mouths also have no c, vacuoles, 
although this is not a universal rule. 101 In Paramecium c. vacuoles are most 
active while the animals are at rest and pumping water toward the mouth, as 
judged by currents of India ink particles. 76,77 The vacuoles are less active 
while the Protozoa are swimming and the peristome is partly closed. A group 
of parasitic ciliates, the Ophryoscolecidae, from the stomach of cattle are 
able to close the oral passage; when this is done the pulsation of their c. 
vacuoles is very greatly slowed. 157 

Protozoa differ in the way they take in water. All the water to be excreted 
must have entered through the pellicle in mouthless and nonfeeding animals. 
All of it must enter through the food vacuoles in animals like Amoeba mira, 
which have no vacuoles, when not feeding. Much water enters ciliates by way 
of the pharynx. 

Mechanism of Filling of the Contractile Vacuole. There are three theories 
of the filling of c. vacuoles: (1) hydrostatic pressure, (2) secretion of water, 
and (3) secretion of solute with subsequent diffusion of water. These could 
be resolved if a method were available for removing the contents of a vacuole 
and measuring its osmotic concentration. 

A hydrostatic filtration theory has been proposed. 200 The colloid osmotic 
pressure of the cytoplasm of Spirostomum is 2 cm. H 2 0 and the hydrostatic 
pressure is 4 cm. H 2 0. That protozoan cells have some turgidity is indicated 
by the variety of their shapes. Hence the filtration pressure across a membrane 
which would not pass colloids would be the difference between the hydro¬ 
static and the colloid osmotic pressure. However, as Kitching points out, the 
hydrostatic pressure would be no less if water is squeezed into a vacuole con¬ 
tained inside the cell. Also, vacuoles are often not spherical. This theory, 
therefore, cannot apply. 

Secretory work is done in c. vacuole production. Evidence for this comes 
from the use of respiratory inhibitors. 184 - 135,136 When the marine peritrich 
Cothumia was transferred to 12.5 per cent sea water the volume increased 
and vacuolar output also rose; when cyanide was added the vacuolar output 
declined nearly to zero and the cell volume increased (Fig. 19). A fresh-water 
species reacted to cyanide by similar near-cessation of vacuolar pulsation and 
increase of volume, but when 0.05 M sucrose was added, in addition to the 
cyanide, the volume remained constant even though no vacuolar pulsations 
occurred. Other respiratory inhibitors such as H 2 S and urethane had similar 
effects. 

Secretion is further evidenced by the association of granules with vacuole 


formation. The granules in the vacuoles of Amoeba mira stain with Janus 
green B; similar granules (mitochondria or mitochondria-like) occur around 
incipient contractile vacuoles in Amoeba proteus , and there is a rough correla¬ 
tion between vacuole frequency and number of granules. 173 Osmium-stain¬ 
ing granules, presumably Golgi bodies, occur near the vacuoles of many cili¬ 
ates. 84 ' 157 Weatherby 244 has reviewed in detail the relation between granules 
and vacuole formation. Frequently a small vacuole or vesicle contains a 
granule which appears to dissolve as the vesicle grows, 178 

There is little doubt, then, that oxidative secretion is involved in filling the 
contractile vacuole in Protozoa, but whether solute or water or both are 
secreted remains to be demonstrated. 

Kitching 137 favors the hypothesis that water or very dilute solution is 
secreted. Nonfeeding Protozoa often continue to put out large quantities of 
water for days in a very dilute medium. When the baling out of water is 
stopped, the cells swell. 

An alternative theory is that solute is secreted first and that water then enters 
the small vacuole by diffusion. 108, 176 In Amoeba mira the small vacuoles 
often originate in association with food vacuoles. The time required for a 
given increase in size of vacuoles in this species is less in 2.5 per cent than in 5 
per cent sea water, hence Mast and Hopkins conclude that in this marine 
species the cytoplasm is isotonic with the medium, that the vacuoles are 
hypertonic when they start and are isotonic when fully grown. In nonfeeding 
specimens of Amoeba mira many small vacuoles are seen to contain granules 
and not to discharge water. When active feeding starts, these granules go into 
solution, becoming osmotically active, and the vacuoles swell, When an 
Amoeba lacerta is transferred from 5 per cent sea water to 100 per cent sea 
water the size of the vacuole as well as the size of the amoeba decreases during 
a period of Vi to 3 hours. 108 By crushing under a coverslip free vacuoles are 
obtained; these swell in more dilute or shrink in higher concentrations of sea 
water. The vacuole of this species, then, appears to contain osmotically active 
material. 

The rate of growth of vacuoles has been said to be linear; 2, 183 however, 
these measurements were taken at wide intervals, When very frequent 
measurements were made 180 on the vacuole of Amoeba proteus it was found 
that the c. vacuole grows in a stepwise fashion as the small vacuoles fuse with 
the c. vacuole. No change in size of the c, vacuole occurred during quiescent 
periods of as long as 120 seconds. This indicates that, unless the vacuolar 
membrane is impermeable to water, the contents must be equimolar with the 
surrounding cytoplasm. 

The principal argument against the theory of secretion of Solute has been 
the supposed amount of solute needed. 137 Calculations based on the assump¬ 
tion that the final concentration of the vacuolar fluid is the same as that of the 
cytoplasm fail to support this objection. If the osmotically active material is 
assumed to have a molecular weight and density of one of the smaller amino 
acids (M.W.=1G0), for Amoeba proteus , which has a cytoplasmic concentra¬ 
tion of about 0.05 M and which excretes 110 cubic micra per second (39 X 
10" 8 cm. 3 /hr.), the amount of such solute needed would be 1.1 X I0""° 
cm. 8 /hr,, whereas the volume of the animal is 2,5 X 10“ fi cm. 3 Nonfeeding 
Pelomyxa carolinensis decrease about 8 per cent in volume every 24 hours. It 
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is entirely possible, then, that sufficient solute could be secreted to permit the 
osmotic filling of the c. vacuoles. Similar calculations for marine and brackish 
protozoans are reasonable if it is assumed that the vacuolar fluid contains salt 
equivalent in concentration to the medium. 

Efficiency of Contractile Vacuoles. The efficiency of c. vacuoles in volume 
and concentration regulation is not perfect. In cells such as marine eggs the 
product of the osmotically active volume times the concentration is a constant, 
K. In Amoeba mira the volume increases initially in dilute medium but in an 
hour and a half adjustment has occurred so that the equilibrium volume is 
constant in all dilutions. In Amoeba mira the product of the vacuolar output 
0* 3 /sec.) at equilibrium times the external concentration is exceedingly con¬ 
stant; this indicates that the osmotic concentration of A. mira and its water 
permeability are similar in sea water and in fresh water. 175 

When marine peritrichous ciliates are transferred to dilute sea water the 
vacuolar output is initially high, then declines to a little above the output in 
100 per cent sea water while the body volume remains elevated (Fig. 19). 
When vacuolar output is multiplied by the osmolar concentration, K increases 
by several times in going from 100 per cent to 20 per cent sea water; K also 
increases, although by a smaller amount, when the body volume increase is 
considered. 184 ' 135 The vacuolar output increases out of proportion to the 
decrease in external concentration. Other data 183 agree in showing' an 
increasing K with decreasing concentration down to approximately 30 per 
cent sea water, but below this K decreased, probably because equilibrium was 
not established. Also in the fresh-water Rhabdostyla brevipes m ‘ m K is 
greater in dilute than in concentrated media. In these ciliates, 'the relative 
increase in water output in dilute solutions indicates an increase in rate of 
entrance of water. In the ciliates volume changes persist and the relation 
between excretion and concentration fails to be linear, whereas in Amoeba 
mira volume regulation occurs and the relation between excretion and tonicity 
is regular. 

The species differences in water and salt permeability, the striking differ¬ 
ences in adaptability among the three species of Paramecium mentioned above, 
the irregularity of pulsations of vacuoles of many marine forms in dilute media 
and the differences in reactions in different solutes indicate that contractile 
vacuoles are complex mechanisms. The process of filling may not be the same 
m all Protozoa in all media. Many questions will be answered when direct 
““ measurements of the vacuolar contents and of the cytoplasm are 

AN INVASION OF THE OCEANS FROM FRESH WATER; FISHES 

The history of fishes represents a migration from fresh to salt water. Fishes 
as a group seem to have arisen in fresh water. During the Silurian and Devon¬ 
ian periods numerous groups of fish-ostracoderms, elasmobranchs, dipnoans, 
and ganoids—-lr^habited fresh water. Fossil records show that in the late Devon¬ 
ian and early Carboniferous periods there were marine elasmobranchs but 
out ^™ mig mtions occurred in the Jurassic and Cretaceous 
periods. Bony fish have been m the ocean at most since the Cretaceous period. 
Some modern fish (tejeosts) have reinvaded fresh water, whereas others 
(holosteans) have lived continuously in fresh water. Numerous migrations 
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have occurred and certain marine fish are not independent of fresh water; some, 
like salmon, return to fresh water to spawn (anadromous). Conversely others, > 
like the eels, breed in the ocean and reach maturity as adults in fresh water 
(catadromous). This summary of the history of fishes is based on paleontologi¬ 
cal evidence, which has been strongly supported by observations on osmoregu- 
lation.** 4 ' 237 Much of the following account is from Smith; more recent 
work fully supports his hypotheses. The kidney arose in fresh-water proverte¬ 
brates as an organ which gets rid of water, and in no fish is the kidney of 
primary importance in excretion of nitrogenous wastes. 

Fresh-Water Fish. In fresh water the blood of fishes has an osmolar con¬ 
centration of 130-170 mM, and the urine is copious but dilute. The gar pike, 
for example, in water of Ao—0.03 has a blood concentration of Ai=0.57 and 
a urine concentration of A„=0.08, Volume of urine is high (200-400 ml./ 
kg./day). m Fresh-water fish are reported to drink little water, although 
measurements of the accumulation in the gut of colloidal material suspended 
in the medium indicate that goldfish do drink some water, 10 The skin is 
relatively impermeable to water, 82 but much water enters through gill and 
oral membranes. 

Some fresh-water fish can withstand transfer to dilute sea water. Figure 
21 (M shows that when a carp is gradually introduced into water of increasing 
salinity the blood concentration increases only slightly at first, then in concen¬ 
trations above An—0.6 it adjusts to the medium. 112 On direct transfer to the 
salt medium the blood does not adjust readily when the concentration of the 
medium is greater than A»=0.68, and the condition of the lish is bad in any 
concentrations higher than this. 

The inward stream of water through the gill and oral membranes provides 
a water load, and the glomeruli of the kidneys normally filter a considerable 
volume while the tubules reabsorb most of the salts, leaving a dilute urine. 
However, the urine is not as dilute as the external medium, hence salt loss must 
be compensated. Part of the salt comes from food. A second part of the needed 
salt is absorbed by special secretory cells located on the gills, as shown by the 
use of a chamber which separates the water bathing the anterior part from that 
bathing the posterior part of the fish. Krogh removed some of the salts 
from fresh-water fish of numerous species by keeping them in running dis¬ 
tilled water. Salt loss was gradual, but occurred more rapidly if any skin injury 
bad occurred. Much of the salt was lost by way of the kidneys, but with a 
divided chamber it was shown that some goes out through the gills. Krogh 
then put the fish into very dilute salt solutions and they absorbed chloride 
against a gradient. A catfish f Amemrus ), for example, which had previously 
lost considerable salt, took up salt from 1 mM NaCl or NaBr. The roach 
(Leudscus rutilus) in a medium of Cl~ concentration of 0.042 mM began to 
absorb chloride after considerable initial loss, and one fish took up chloride 
from as dilute a medium as 0.02 mM. The goldfish (Camssim auratus) could 
reduce the Cl" concentration from 1 mM to 0.02 mM, Ordinary chlorinated 
tap water contains about 0.3 mM of Cl™ per liter, and pond water usually 
contains less. Acerina cernua, the ruffle, and the perch, Perea fluvktilis, con¬ 
tinued to lose salt in all dilute solutions tested and died after 10 to 14 days 
without food, although there was some evidence of Cl* absorption from con¬ 
centrations of I mM and higher. These fish must depend largely upon food 
to replace lost salt. 
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Marine Fish. In the ocean the problem is to conserve water and exclude 
salts, and the water-excreting glomerular kidney is a liability. The blood of 
marine teleosts is not much more concentrated than that of fresh-water fish. 
In other words, a mechanism for maintaining a high degree of hypotonicity 
is necessary. The urine is scanty, 2.5 to 4 cc./kg./24 hours in sculpin and 
toadfish. 86 The urine is always hypotonic to the blood, and there is no rela¬ 
tion between urine flow and Cl" content. Hence there must be some other 
route for getting rid of salt which enters osmotically. Smith 224 found, by the 
use of dyes and a divided chamber, that marine fish, unlike fresh-water ones, 
swallow large quantities of water and that both water and salt are absorbed 
from the intestine. The intestinal concentration decreases down the gut and 
approaches that of the blood, hence there is no significant separation of salt 
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Fig. 20. Schematic representation of the kidney unit (nephron) of different vertebrates. 
Lnlasmobranch modified from Kempton, 120 others from Marshall. 1 ™) 


from water and elimination of salt in the digestive tract. Nitrogenous wastes 
are excreted by way of the gills. When the pyloric end of the stomach is tied, 
urine formation falls off, body weight declines, and death results. 88 The 
urine salts are largely Mg++ Ca++, S0 4 =, and phosphate, and most of the 
m , and Cl absorbed must be excreted extrarenally. Also only part of 
the water drunk is excreted in urine. An eel in sea water excretes only 20 per 
cent of its fluid by the kidney. The sculpin, daddy sculpin, goosefish, haddock, 
and others all show zero or low Ch in their urine, but with handling the fish 
Mg++, SO,- and phosphate in the Le ate 

In view of the reduced urine output it is not surprising to find lea; well 

Rome 1 ™ U ” e |? V tI “ “ fa^-water fish. As shown in 

Figure 20, some of them lack glomeruli and the tubules are relatively short. W 
In Opsanus tau, the toadfish, and Lophius , the goosefish, for example, glomeru- 
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li are absent in adults, although there may be pseudoglomeruli in the young 
In the toiidfish 88 the urine flow is only 2.5 ml./kg./day as compared with 
300 ml./kg./day in fresh-water catfish. Apparently the glomeruli degenerate 
with age and become nonfunctional. The typical marine teleostean kidney 
lacks the distal convoluted segment in the tubules. It is as if the glomerulus- 
an adaptation for filtration of water, and the distal convoluted tubule, which 
reabsorbs salt in fresh-water forms, have been lost with disuse. Graffito 87 
described a Siamese pipefish (Mkrophis boaja) which has reinvaded fresh 
water and lacks both glomerulus and distal convoluted‘Segment; hence glom¬ 
eruli are not a sine qua non for life in fresh water. ; 6 

Excretion by an aglomcrular kidney is essentially tubular secretion. Phenol 
red and numerous acid dyes are concentrated by the aglomerular toadfish 
kidney. 11,5 A normal sculpin can excrete such a supersaturated MgHPCh 
that the urine is turbid. 202 

That the gills are the route of extrarenal excretion was clearly shown in the 
eel by perfusion of a heart-gill preparation. 181 Chloride is secreted outward 
into sea water containing nearly three times as much Cl as the blood. When 
the perfusion fluid in the blood vessels was increased in osmotic concentration, 
the chloride transported outward was increased. When eels are in fresh water 
the blood freezes at about -0.11° and at this internal concentration Keys 
found little or no outward secretion of CP". Thus the active chloride transport 
by the gills is an adaptation to marine and brackish-water life, It is calculated 
tl^t the gill activity costs 0.1-0.3 cal./gm. of gill tissue/hr, 20 Schlieper 214 
confirmed Keys experiments and showed that water and Cl" are transported 
independently by the gills. Secretion of NaCl could be stimulated by NaCl, 
NasS0 4 , glucose, or saccharose. In the epithelium of the gills of Fundulus 
are secretory cells which appear to eliminate chloride when the fish is in sea 
water and to take in chloride when the fish is in fresh water. 158 When the 
fish are in sea water or when fresh-water fish are injected with sodium chloride, 
these cells contain a distal vesicle which gives a histochemical test for chloride. 

, Marine teleosts, therefore, maintain blood concentrations similar to those of 
fresh-water teleosts; their kidneys still excrete urine hypotonic to the blood. 
The kidneys are, then, a liability, and the distal convoluted tubule and, in 
some fish, the glomeruli are lost. To rid themselves of excess salt the fish drink 
much sea water and excrete by way of the gills (and possibly oral membranes) 
considerable salt and nitrogenous wastes. It may be that Amphibia have not 
successfully invaded the ocean Ix'cause of the lack of a mechanism of extra- 
renal salt elimination. 

Anadromous and Catadromous Fish, Many fish can live in either fresh or 
salt water. In general, their curves relating internal to external concentration 
are relatively flat. The blood of salmon in Monterey Bay freezes at -—0.762°, 
blood of the salmon from the head of the tidal water on the Sacramento River 
freezes at -0.737°, while blood from fish at their fresh-water spawning 
grounds freezes at -0.668 Q , 91 Tims the king salmon blood is diluted by 
about 12 per cent on going to its breeding territory. Comparable values were 
found for Atlantic salmon in brackish and fresh water, 82 

The killillsh, Fundulus hetewclitus, lives well in either fresh or sea water. 
When it is transferred from one medium to the other there is a transitory 
initial gain (F.W.) or loss (S.W.) of weight, Acclimatization as based on body 
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density measurement is accomplished in 6 hours on going to sea water or in 
24 hours on going to fresh water. The body density decline in fresh water is 
due partly to chloride loss and partly to increase in gas volume in the swim 
bladder. Reverse changes occur on going to sea water. Thus marked changes 
in density can occur with little change in osmotic concentration. 40 

Both American and European eels breed in the Sargasso Sea of the mid- 
Atlantic; then the young fish migrate to fresh water where they mature. 
Osmotic adaptation in the European eel, Anguilla vulgaris, has been carefully 
studied, Figure 21 shows that the blood is hypotonic in sea water and hyper¬ 
tonic in fresh water. 02 It changes in concentration in going from the ocean 
to fresh water by about the same amount as that of the king salmon. The 
osmoconcentration of blood of the eel is as follows: in sea water Ai=. 73, in 
fresh water Ai=.61 (data from'Keys 138 ); in sea water At=.69, in fresh water 
Ai=.62 (data from Duval 82 ) (Fig. 21). 

A starving Anguilla in either fresh or sea water lost 0.2 to 0.5 per cent of 
its weight per day. 133 When the esophagus was blocked with a balloon the 
eel died in sea water after a 12 per cent loss of weight in 3 days, whereas in 
fresh water it lived well but lost 0.7 per cent of its weight per day. Thus the 
eel does not drink fresh water but does drink sea water. When transferred from 
fresh to sea water there is a weight loss and a new equilibrium is reached in 
about 48 hours if drinking is permitted. Conversely, if the eel is transferred 
from sea to fresh water there is an initial weight increase. According to Duval 
about 75 per cent of the osmotic pressure of the blood is due to NaCl, and the 
NaCl concentration of the blood is higher in sea water than in fresh water; 
the serum protein also is higher in sea water. 188 

The kidney of Anguilla has glomeruli, also a distal convoluted segment, 
and in fresh water its kidneys behave as do the kidneys in typical fresh-water 
fish, In addition, Anguilla has a very low skin and gill permeability to both 
chloride and water. Eels in distilled water lose chloride at a rate about one- 
twentieth the rate of loss from Salmo irideus. uu > 143 Krogh was unable to 
obtain evidence for chloride absorption from dilute solutions, and unfed eels 
died even in dilute Ringer solution for lack of salt before they starved for 
organic material. It may be that the secretory epithelium can concentrate 
chloride outward against a gradient to sea water, but not inward. Duval and 
others maintained that the mucus which surrounds an eel is a protective barrier 
which decreases permeability to water and to salt, but Krogh believes that the 
increased permeability after mucus removal is due to skin injury in the removal. 
Anguilla, then, in the ocean is hypotonic, swallows sea water, and gets rid of 
salt by the gills. In fresh water it excretes a dilute urine with its glomerular 

saltT^d wT ECeS ^ k £( ^ n& an£ * s ^ ows ver y l° w skin permeability to 

Elasmobranchs and Cyclostomes. Elasmobranch fishes are today largely 
marine, although paleontological evidence indicates that they were once more 
abundant m fresh water. 

Osmoregulation in elasmobranchs is reviewed by Smith. 225 As shown in 
1 able 2, the blood is always hypertonic to the medium. 

The salt concentration of the blood of both marine and fresh-water elasmo¬ 
branchs is o the same order as that in fresh-water teleosts, but the osmotic 
pressure of the blood due to NaCl is only 41 to 47 per cent of the total. 82 
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Most of the osmotic concentration.is,made..u^by^etentlon-o£ huge quantities 
of urea in all body tissues and fluids. Thus the elasmobranch can maintain 
the same osmotic gradient in sea water as in fresh water, and continues to 
excrete a hypotonic urine. It was formerly believed that the kidney unit had 
a special segment for absorbing urea, but this is not correct (Fig. 20). 128 In 
the dogfish there is a long neck segment, a wide proximal tubule with scattered 
cilia, then a narrow proximal tubule followed by a long distal tubule which 
winds around the neck segment. Smith estimates that an average daily filtra¬ 
tion of 80 cc./kg. is necessary to the formation of 20 cc, urine/kg. The skin 


TABLE 2. OSMOTIC CONCENTRATION AND UREA IN BODY FLUIDS 
IN ELASMOBRANCHS (FROM SMITH" 1 ). 


Species 

A° 

Aserum 

| Blood 

Cl 

mM/li 

Urea 

mg./li Au 

Raja stalmliforis 

1.85 

1.93 

273 

2010 1.685 

Raja diaphenes 

1.85 

1.924 

272 

2143 

Squalus acanthias 

133 

1.622 

234 

1490 

Raja sp. 

1.484 

1.617 

224 

1855 0.78-1.06 

Pristis microdon 

0.0 

1.02 

170 

780 0.10 

Garcharhinus melanopteius 

0.0 

0.90 

158 

618 

Torpedo ocellata 




1550-2000 

Torpedo marmorata 




1450-1840 

Scyllium canicula 




2080-2640 


and gills are relatively impermeable to urea and the young are provided with 
a store of urea, either by viviparity or by placement in an impermeable egg case 
containing urea until they develop their own renal mechanism for conserv¬ 
ing it. 

Smith studied elasmobranchs which live in fresh and brackish water in 
southeastern Asia, fable 2 shows that for a 100 per cent increase in osmotic 
pressure of the blood on going from fresh-water species to marine species the 
urea increases by nearly 100 pur cent and the serum Cl"" by only 60 per cent. 
The urine output is low in marine elasmobranchs, and the urinous concen¬ 
trated but always remains hypotonic to the blood. Magnesium, phosphate, and 
sulfate are excreted by the kidneys, other salts extrarenally. 

The ability of individual rays and dogfish to adapt to changed tonicity of 
medium is not great, The dogfish Scyllium increased in weight by 10 per cent 
in 4 hours after transfer to 80 per cent sea water, 113 The limits for Scyllium 
are said to be 46 to 102 per cent sea water, 112 

Osmotic regulation in cyclostomes is not understood. Blood of the marine 
Myxim glutinosa is reported to be hypertonic 224 or slightly hypotonic to sea 
water. 45 Another marine cyclostome Polistotrema stouii may be slightly 
hypertonic. 224 The chloride concentration of the blood is lower than that 
of sea water, 48 and the urea concentration is between that of elasmobranchs 
and that of the teleosts. 4B Petromyzon fluviatilis from fresh water shows a 
serum freezing point of -0.48° (Dekhuyzen, from Smith 224 ). When P. 
fluviatilis was put into 33 per cent sea water, 7n the blood concentrations rose 
from A i=0.46 to Ai=0.52 after 22 hours, but irregular respiration indicated 
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a weak condition. It is certain that marine cyclostomes do not maintain hyper¬ 
tonicity by urea retention, nor are they as dilute as teleosts. 



A PREDOMINANTLY FRESH-WATER GROUP; AMPHIBIA 

The amphibia are a group of fresh-water animals. Some are permanently 
aquatic; others spend at least a pan of their life on land. Eggs are laid either 
m water or in a very moist environment. 

The blood of aftogis hypertonic to pond water (R«t blood Ai=0.563, 

SomT” inf? 1 *. 1116 Urine is ’’J'f 01 ™ 010 46 bW and is more 

copious n a drlute than in a concentrated medium. Bottaoi adapted frogs to 
salt solutions, resulting m the following values: . 


Ac 

0.07 

0.70 


A. 

0,44 

0.74 


A« 

0.17 

0.70 


0Sm0 n beha ) vior v of fr °8 s has been extensively studied. Krogh 
summarizes Overtons observations, and Adolph 4 * 7 reviews the work 
himself an his student. If the cloaca of a frog is tied shut and thX 
left m pond or tap water, the body weight increases; when the cloaca is l! 



Water ^ 

untied, urine is voided and the weight falls to the original value. When the 
concentration of the medium is increased, either by salt or sugfr, the rate of 
gain of weight is decreased and in hypertonic solutions weight is lost. Adolph 
calculated that at 20°, water equivalent to 31 per cent of the body weight can 
enter and be excreted every 24 hours. This is only a small fraction of what 
would enter a true osmometer of similar concentration and surface, A skinless 
frog gains weight faster than a normal frog. If the brain is destroyed or lesions 
are made in the midbrain or anterior medulla, hut not in the spinal cord, the 
rate of water intake increases at once by as much as 4 to 5 times, Slime secre¬ 
tion may be important in decreasing skin permeability to water. Adolph found 
that a normal frog with cloaca open will gain weight for 25-50 hours when 
placed in a very dilute solution of NaCl, but not in sucrose, Dilute NaCl 
seems to stimulate water uptake above water excretion, even though in dis¬ 
tilled water the same frog may maintain a constant weight. 

No amphibian has become totally independent of a moist medium, although 
many do not lay their eggs directly in pond water, and some toads live as adults 
in relatively dry air. Needham 18 ® 1 187 lists the moisture-conserving adapta¬ 
tions used by various Amphibia which do not lay their soft-coated eggs in pond 
water; they deposit eggs in leaf mold, in foam in holes in the ground, or be¬ 
tween leaves which form a cup to collect moisture, The rate of water uptake 
by tadpoles during the first day after hatching is three times the rate in adults. 
Some desert Amphibia develop very rapidly and the adults burrow under¬ 
ground. M One burrowing form, Chiroleptus pktycephalus , "can store so 
much water in its urinary bladder, subcutaneous tissues and peritoneal cavity 
• • ■ ^at it is occasionally used by the Australian aborigine as a source of drink¬ 
ing water. A lew frogs are known to breed in brackish water, 107 but none are 
truly marine. 

I he water content is similar in terrestrial and aquatic anurans, but the 
terrestrial species survive greater loss of body water, as shown in Table 3, 232 
There have been numerous indications that the inward permeability of 
the amphibian skin lor water is greater than its outward permeability, but 
experiments with heavy water on frogs 101 and on isolated frog skin 210 
led Krogh to conclude “that an irreciprocal permeability for water does not 
exist m normal frogs, although some water may be carried along with salt 
which is actively transported. 

In fresh water or in hypotonic solutions frogs, like most fresh-water fish, 
do not drink water, but they absorb water through the skin; in hypertonic 
solutions (140 mM NaCl), they do drink and produce a concentrated (but 
blood-hypotonic) urine, Adolph 1 showed that the skin is limited protec- 
tion against loss of water by evaporation in air. At 100 per cent humidity 
at 20 1 °C. one fifth of the heat produced in the metabolism of the frog is lost 
as latent heat of evaporation, hence the frog is continually at a higher 
temperature than the air and could never take up water from saturated air. 
However, water loss by way of the skin is reduced by high humidity. Lesions 
to the midbrain and anterior medulla increase skin permeability to water, 
possibly via the hypophysis. 8 

The posterior lobe of the pituitary (neurohypophysis) acts to increase 
the water content of amphibians. Injections of the active pituitary principle 
caused, increase in weight in amphibia according to species in the following 
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stage of development, diet, humidity, season of year, and other factors, but the 
order of magnitude is illustrated in Table 4, showing the freezing points. 

The principal loss of water from insects is by evaporation, and the most 
important mechanisms of water regulation are those limiting evaporative loss. 
Insects with a soft cuticle, such as many larvae, undoubtedly lose considerable 
water directly through the body surface. The chitin of most insects is nearly 
water impermeable, except at high temperatures at which changes in the 
cuticular wax occur. 205 Hie greatest water loss is through the spiracles. 
When the spiracles are plugged by wax the water loss is reduced by about 
two-thirds. Most of the remaining loss occurs at the intersegmental furrows 


TABLE 4 


Group 

Species 


Insects 

Carabus intricatus 

0.943 

Tenebrio molitor (larva) 

1.165 


Mantis religiosa 

0.885 


Ephestia elatella (larva) 

1.122 

Scorpion 


1.125 

Spiders 

Earthworm 


0.894 

0.3-0.75 

Snails 

Helix pomatia 

0.421 

Limaxmaximus 

0.248 


(Brnbyx mori; Gastrimargus 28 °). Whenever spiracles are kept open, as by 
exposure to C0 2 (in Rhodnm 250 ) or by increase in metabolism by activity 
(in Blatta 205 ), the water loss is increased many times. Those insects which 
lack mechanisms for closing their spiracles lose more water than those which 
have spiracular control. Most insects excrete their nitrogenous wastes and 
either eliminate or retain feces in semisolid form, hence they lose little water 
as solvent for wastes and in air have no problem of salt loss or retention. It is 
probable 248 that dilute urine is formed in the malpighian tubules and water 
reabsorbed in the rectal glands. , ... . 

Since most water loss is by evaporation, the effects of relative humidity, air 
movement, and temperature are important. For example, Mellanby 178 found 
that adult bedbugs ( Cimex lectularius) at 8° lose approximately 33 < per cent 
of their body weight by evaporation in 4 hours at 0 per cent humidity and 
about 12 per cent in the same time at 90 per cent humidity. Grasshopper 
nymphs, potato beetles, and meal worms, but not lepidopteran caterpillars, 
may actually take up water at humidity above 82 per cent. 185 ' 15 This hygro¬ 
scopic property of some insects deserves more study. If water loss is normally 
low, death occurs at the same temperatures at all humidities; if water loss is 
normally high, the insect (Pediculus, Lucilia, and others) can tolerate a higher 
temperature at high humidity than at low humidity 180 - 178 (Figs. 88 and 89). 
The water content of meal moth larvae but not of pupae or adults varies with 
the humidity. 18 In cockroaches, fleas, and butterflies, surface evaporation is 
proportional to saturation deficiency of the air (difference in mm. Hg vapor 
pressure between saturation and actual humidity) up to about 30°, 121, 
and survival time is inversely related to water loss. At higher temperatures 
water loss in Blatta with spiracles plugged increases very sharply owing to 


changes m cuticular wax, whereas the tracheal loss increases gradually and 
very slowly with temperature. In other insects there is less correlation between 
water loss and saturation deficiency. 121 ' 111 The ability of insects to survive 
starvatmn depends on both temperature and desiccation; these two factors 
probably act on different mechanisms and can be separated. At the same rela¬ 
tive humidity the absolute vapor pressure of the atmosphere increases with 
higher temperature, hence absolute humidity is more important than relative 
humidity. 72 - 149 

Lost water is replaced by drinking in land insects and most insects take 
water in the food. However, some insects, such as clothes moths, wax moth 
larvae, and meal worms, get most of their required water metabolically. The 
complete oxidation of 100 grams of carbohydrate (glucose) yields 60 grams 
of water. Larvae of the flour moth (Ephestk) and of the beetles Tribotium 
and Dermestes, and also Tenebrio, eat more and yet grow more slowly at low 
humidity. 72 140 

Another adaptive mechanism in osmotic regulation is the behavioral tend¬ 
ency to select a region of optimal humidity. The optimal humidities for devel- 
opment and for survival are not necessarily the same, and they differ for various 
species.. Insects taken from a moist environment appear more sensitive 
to dry air than do insects from a dry environment; grasshoppers range widely 
from hygrophilic to extremely xeropliilic, Meal worm beetles, Tenebrio 
moLitor, choose the drier side of a humidity gradient and distinguish smaller 
differences of humidity in the higher moisture range than in drier air, 95 
Specific humidity receptors, probably pit and peg organs, are located on the 
antennae, Other insects which avoid moist air are the mosquito Culex falmns, 
the cockroach Blatta orientals, and the louse Pediculus humanus var. corporis. 
Wireworms (Agriotes), on the other hand, avoid the lower humidity in a 
gradient. They are able to distinguish differences as small as 0.5 per cent 
rdative humidity by hygroreceptors located on the head, 189 The grain beetle 
Ptmus also collects in drier regions of a humidity gradient, M The sign of 
the response may depend on the state of hydration f Blatta , Ptmus), the insect 
going to high humidity when desiccated or to a dry region when hydrated, 80 
The onychophoran, Peripatopsis, lacks mechanisms for restraint of water 
loss by the trachea and actually loses water twice as fast as an earthworm, 40 
fraies as fast as a smooth-skinned caterpillar, and 80 times as fast as a cock¬ 
roach. Peripatus loses water half as fast as an earthworm, but twice as 
fast as a centipede, and 20 times as fast as a millepede. 182 Restriction to a 
damp environment may account for the lack of successful radiation of the 
Unychophora as a group. 

Isopods occur in sea'water, in fresh water, and on land. Their respiratory 
organs present extensive moist surfaces. The nephridial canals of a fresh¬ 
water species are larger than those of a marine species, and in both the canals 
are larger than the canals in a land form, 298 Terrestrial isopods lose water 
more readily and are more restricted to a moist environment than myriapods. 

A wood louse (Porceho scaber) loses 4 per cent of its weight per hour in dry 
air, compared with 0.05 per cent loss by a meal worm, 0.14 per cent loss by a 
cockroach, or 1.8 per cent loss by an earthworm, 04 The wood louse goes to 
a region of higher humidity in a gradient. 6 

The most important means of prevention of desiccation in insects and 
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related animals are low permeability of the body surface, reabsorption of 
water during excretion, and selection and occupancy of regions of "optimar 
humidity. 

Reptiles, Birds, and Mammals. The water problem of a land vertebrate and 
of a land insect is, like that of marine fishes, retention of water, but without 
the complication of an inward salt gradient. Pearse 198 - 197 has listed many of 
the factors in the transition from water to land. 

Reptiles are more independent of a moist environment than Amphibia 
because of protection by horny scales against surface evaporation, and because 
their eggs, in most groups, are cleidoic (protected) or else the animals are 
viviparous. An intact newt loses water about as fast as a skinless lizard. 89 
Table 5 gives the blood and urine concentrations of a number of reptiles. 


TABLE 5. FREEZING POINT LOWERING IN TURTLES 



Ao 

Ai 

Au 

Caretta rempi 224 

1.85 

.66 

.64 

Caretta caretta 221 

1.85 

.76 

.70 

Emys europea 47 

fresh water 

.44 

.10 

(from bladder) 

Testudo graeca 224 

land 

,60 

.19 


These figures show that the blood of marine turtles is somewhat more con¬ 
centrated than that of land and fresh-water turtles, and that the urine of the 
marine forms is relatively still more concentrated. There is great individual 
variation in concentration of tortoise blood. 9 In no turtle, however, has the 
urine been reported as being hypertonic to the blood. The renal corpuscles 
of most land reptiles are poorly vascularized. 171 These corpuscles are small 
and have connective tissue centers with capillaries on the outside only; vascu¬ 
larity is better in kidneys of turtles and crocodiles than in kidneys of snakes 
and lizards. The amount of urine excreted is small, and in snakes and lizards 
the urine may be solid or semisolid. In the alligator the urine flow is 0.4-1.2 
ml./kg./hr,, compared with 1.5-20 ml. in Ram, and in the alligator glomerular 
filtrate is 1.5-3.4 ml./kg,/hr. compared with 2.8-40.0 ml. in the frog. 170 The 
loss of water from the skin of a tortoise: is estimated to be only 0.1 ml./lOO 
cm. 2 /hr. 148 The principal loss of water from land reptiles, then, must be by 
way of the lungs, and desert reptiles get most of their water from food, Bux¬ 
ton 50 mentions an Australian lizard which can absorb water through the skin 
after a rain. Numerous reptiles— Chrysemis, Anolis, Phrynosoma, the alliga¬ 
tor Cnemidophorus, and the garter snake Thamnophis sirtulis-a\\ drink water 
(under experimental conditions) to compensate for a deficit. 7 Amphibia in 
water deficit take up water only by skin absorption. 

Both birds and mammals have the ability to excrete a hypertonic urine. 
Their kidneys, particularly those of mammals, have the thin loop of Henle 
(Fig. 20). Renal corpuscles in birds are poorly vascularized, and filtration is 
low. The osmotic concentration of cloacal urine of the hen may be slightly 
higher than that of the blood. 47 Korr 140 found the osmotic concentration of 
the blood of a hen to be equivalent to 0.925-0.940 per cent NaCl, and that of 
ureteral urine to be the equivalent of 0.95-1.1 per cent NaCl, while normal 


glomerular filtration was 1.22 ml,/kg,/mi.n. and total urine output was 25-70 
ml./kg./day. The urine concentration was higher during water deprivation 
and after injection of pitressin from the posterior pituitary, hence water reab¬ 
sorption occurs, and antidiuretic hormone increases water reabsorption. Water 
is also reabsorbed in the cloaca, 178 and the urine may be a semisolid mass of 
uric add crystals. Chick mesonephric tubules form cysts in tissue culture 
which accumulate water so that the cyst contents are 10 per cent more dilute 
than the medium, suggesting a water-secreting capacity. 189 

The physical properties of yolk make osmotic measurements difficult. Freez¬ 
ing-point measurements 18 - 139 indicate a difference between yolk and white; 
vapor pressure measurements show a higher osmotic concentration in the 
center of the yolk than just beneath the vitelline membrane, the mean for the 
yolk corresponding to a Am,, of 0.55, and for the white to a Ai.p, of 0,44. 18 
The difference is not maintained by metabolism but by slow diffusion, 2280 
and some authors fail to find any osmotic difference between white and 
yolk. 199 

Water regulation in mammals has been studied extensively and reviewed 
frequently. The daily water loss of a man weighing 70 kg. is 600-2000 ml. by 
the kidneys, 50-200 ml. by feces, 350-700 ml. by insensible evaporation from 
the skin, 50-4000 ml. by sweat, and 350-400 ml. from the lungs. A lactating 
mother may lose an additional 900 ml. as milk, Thus the total normal daily 
loss may range from 1 to more than 8 liters, 4 The total loss varies with 
temperature and humidity, and with various physiological conditions, and 
must be made up by water drunk, water in food, and metabolic water. Most 
common mammals have a blood concentration which is about 0.30 osmolar 
(equivalent to 0.95 per cent NaCl). Dog plasma freezes at —0,576° (0.31 
osmolar). 47 In man, urine concentration varies but is usually about 0.65 
osmolar; the maximum concentration of urine in thirsting man is 1.4 osmolar 
(A«=2.6). 89 Much water is reabsorbed along with salts in the proximal 
tubule of the kidney (guinea pig), although the fluid distal to the loop of 
Henle may still be isotonic with the plasma and the site of urine concentration 
is not definitely known. 242 The permeability of the skin of mammals to 
water is extremely low 234 as measured both by transfer of heavy water and 
by evaporative loss, Low permeability is .particularly important in aquatic 
mammals, In man loss of 10 per cent of the body water causes serious illness, 
and 20 per cent loss results in death; much greater proportions of protein, fat, 
and glycogen can be lost with little ill effect, 48 A water loss of 24 to 30 per 
cent of the body weight is fatal to a mouse, 90 

The water load of the blood is kept delicately balanced by nervous and 
hormonal factors. When it rises by excess water intake a diuresis appears after 
a certain time. This diuresis can be inhibited by emotional disturbance, by 
epinephrine or tyramine, 287 Injections of hypertonic solutions of salt or 
sugar which cause only a 2 per cent or lower rise in osmotic concentration 
reduce the diuresis by 90 per cent, Osmoreceptors, apparently located in the 
brain, stimulate the liberation of antidiuretic hormone from the posterior lobe 
of the pituitary which reduces urine production (see Ch. 22). 

Water balances were compared in three rodents, Microtus, which inhabits 
dry prairie, Peromyscus, which lives on the forest floor, and Bkrina, which is 
subterranean. 51 BlariHa shows the highest water turnover; Peromyscus 
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glomerular filtration was 1.22 ml./kg./min. and total urine output was 25-70 
mi./kg./day ; I he urine concentration was higher during water deprivation 
and after injection of pitressin from the posterior pituitary, hence water reab- 
sorption occurs, and antidiuretic hormone increases water reabsorption, Water 
is also reabsorbed in the cloaca, 17,1 and the urine may be a semisolid mass of 
uric acid crystals. Cluck mesonephric tubules form cysts in tissue culture 
which accumulate water so that the cyst contents are 10 per cent more dilute 
than the medium, suggesting a water-secreting capacity, 1110 
. The l )li y- sical Parties of yolk make osmotic measurements difficult. Freez- 
mg-pomt measurements 1 H - 1 -° indicate a difference between yolk and white; 
vapor pressure measurements show a higher osmotic concentration in the 
center of tfie yolk than just beneath the vitelline membrane, the mean for the 
yolk corresponding to a A/.p. of 0.55, and for the white to a At v of 0,44, 18 
I he difference is not maintained by metabolism but by slow diffusion, 223 * 1 
and some authors fail to find any osmotic difference between white and 
yolk. 1,111 

Water regulation in mammals has been studied extensively and reviewed 
frequently, The daily water loss of a man weighing 70 kg. is 600-2000 ml. by 
the kidneys, 50-200 ml. hy feces, 350-700 ml. by insensible evaporation from 
the skin, 50-4000 ml. hy sweat, and 350-400 ml. from the lungs. A laetating 
mother may lose an additional 900 ml, as milk. Thus the total normal daily 
loss may range from 1 to more than B liters. 4 The total loss varies with 
temperature and humidity, and with various physiological conditions, and 
must be made up hy water drunk, water in food, and metabolic water, Most 
common mammals have a blood concentration which is about 0,30 osmolar 
(equivalent to 0,95 per cent NaCl). Dog plasma freezes at -0,576° (0.31 
osmolar). 47 In man, urine concentration varies but is usually about 0.65 
osmolar; the maximum concentration of urine in thirsting man is 1,4 osmolar 
(Ah—2,6). m Much water is reabsorbed along with salts in the proximal 
tubule of the kidney (guinea pig), although the fluid distal to the loop of 
Henle may still be isotonic with the plasma and the site of uring concentration 
is not definitely known. 211 The permeability of the skin of mammals to 
water is extremely low 2:14 as measured both by transfer of heavy water and 
hy evaporative loss. Low permeability is .particularly important in aquatic 
mammals. In man loss of 10 per cent of the body water causes serious illness, 
and 20 per cent loss results in death; much greater proportions of protein, fat, 
and glycogen can be lost with little ill effect. 48 A water loss of 24 to 30 per 
cent of the body weight is fatal to a mouse. 0fi 

The water load of the blood is kept delicately balanced by nervous and 
hormonal factors. When it rises by excess water intake a diuresis appears after 
a certain time. ‘Ibis diuresis can he inhibited by emotional disturbance, by 
epinephrine or tyramine, 21,7 Injections of hypertonic solutions of salt or 
sugar which cause only a 2 per cent or lower rise in osmotic concentration 
reduce the diuresis by 90 per cent, Osmoreceptors, apparently located in the 


of the pituitary which reduces urine production (see Gh. 22), 

Water balances were compared in three rodents, Mkrotus, which inhabits 
dry prairie, Permyscus, which lives on the forest floor, and Blarim, which is 
subterranean. 51 Blrnfia shows the highest water turnover; Peromyscus 
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vaporizes and drinks less, and Microtns, the least, High water exchange is 
associated with the greatest water supply and least evaporative forces in the 
subterranean habitat, while the greatest adaptation for water conservation 
permits life in the prairie grassland. The evaporative loss of water from the 
lungs of desert rats is half that from most rodents. 2111 

The water relations of mammals, including man, in the desert have been 
examined. 8 ' 61 The loss of water by skin evaporation and from the lungs 
parallels resting metabolism. The sweat glands are under control of the autono¬ 
mic nervous system, and serve a cooling function. Active sweating in man 
normally begins when air temperature reaches about 86‘T. If evaporation is 
prevented at high temperature, as by high humidity or by rubber or oilskin 
clothing, the heart rate goes up and exhaustion occurs. Loss of water by the 
skin is necessary in temperature control, but sweating diverts blood to the 
skin from other areas, and by sweating the body loses salt. Both the salt and 
water lost must be replaced. A dog suffers more in the desert than does man. 
The dog loses only water, whereas man loses salt also, hence the dug’s blood 
concentration rises. The dog loses water mostly from its mouth and respiratory 
passages, hence cooling and oxygenation are associated, and a panting dog may 
thus develop an alkalosis, whereas in man cooling and respiration are separate. 
Finally, the dog’s fur-coated skin absorbs heat. A burro, on the other hand, 
has many sweat glands, but its sweat contains little salt, hence the blood 
chloride rises during work in heat. Buxton® 0 gives an extensive list of desert 
animals which may dispense entirely with drinking and get their water front 
food and possibly from dew, Camels apparently can live without water if there 
is plenty of good grazing, but at hard work Buxton claims that about 8 days 
is their limit without water. Fat produces more metabolic water per gram 
oxidized and yields more energy for a given amount of water than does carbo¬ 
hydrate; fat is often stored by desert mammals. 

A man walking in the desert at 110°F. loses one quart of water per hour; 
sweating increases by 20 gm, per hour for each 1°F. rise in air temperature. 8 
During such exposure an exercising man does not voluntarily drink enough 
water to restore his water balance. Signs of serious dehydration tire diminished 
blood volume, high concentration of blood cells, nausea, numbness, and in¬ 
adequate circulation. If water loss exceeds 12 per cent of the body weight in 
dry heat a heat stroke is suffered. Water can be conserved if man ceases 
activity, avoids the sun, remains clothed and reduces urine output by reducing 
intake of protein and salt. In the tropical jungle where humidity is high, 
cooling cannot be effected by sweating, and dehydration is not significant; 
water intake is much less in the tropical jungle. 180 

There are striking species differences in the water drunk and the water 
excreted as a function of water deficit. Figure 22 shows the course of relative 
water load when drinking was permitted after periods of privation. The dog 
and burro rapidly drink more than they have lost, whereas man drinks less . 1 
Recovery from excessive hydration follows a different pattern; the rat recovers 
more rapidly than the dog. Desert animals (kangaroo rat and pocket mouse) 
on a dry diet excrete urine with chloride as concentrated as 900 mM, compared 
with maximum chloride concentration of 370 mM in man and of 330 mM in 
the dog. 218 

Marine mammals have blood only a little more concentrated than, that of 


land mammals. The urine of marine mammals can be more concentrated than 
sea water. Recorded freezing points show much variation (see Table 6). 
ihe concentration of blood of two marine birds is about the same as that of 
the mammals (Ai~0.64-0.69). I hose values are to he compared with a 
blood freezing point of ~.58°C. in man. In the seal, Phoca vituline , 118 no 
water is lost for temperature regulation, hence the only loss is by lungs, feces, 
and urine. To saturate the air breathed from the lungs would take 106 gm! 
water; the feces require 200 gm. water for fish food corresponding to 100 
calories. When seals are fed herring which arc* 80 per cent, water, the amount 
yielding 100 calories (1250 gm. fish) would contain 1000 gm. water, By 



Dr. 22. Recovery of water load in per cent of initial load after access to water following 
periods of privation resulting in deficits equivalent to 4 to ft per cent of body weicht. From 
Adolph. 

oxidative breakdown the fat and protein would yield 121 gm. of metabolic 
water. Thus 1121 minus 306 leaves 815 gm, H,0 for the urine. The food 
(1250 gm. of herring) would yield urea and salt sufficient to give in 800 ml. 
of urine a freezing point of ~-2.7°C. (6.3 per cent urea and 1.4 per cent salt). 
Homer Smith 288 ^ observed that harbor seals when fasting excrete 0.03-0,11 
nil./urine/min. with a Ah of 1.948, whereas after a meal of herring the rate 
of excretion increases to 0.08-1.28 ml,/min,, and the A« rises to L98-3.646, 
1 he magnesium and chloride of die urine and intestinal residue are so low that 
it is unlikely that any sea water has been swallowed. *1 hus marine mammals 
living on fish can get ample water from their foot! alone to keen their blood 
more dilute than the ocean. 
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Krogh extended the calculation to the walrus and whalebone whales which 
feed largely on marine invertebrates that are more concentrated than fish and 
more concentrated even than the blood of the mammals themselves, Less 
water would be lost from the lungs in the whale because, owing to the in¬ 
creased pressure under water, it can probably extract more of the oxygen and 
thus would not need to saturate so much air. Assuming a little less water loss 
by feces than in the seal, Krogh calculates that the kidney could easily excrete 
the salt and urea with the water available from its food. Freezing point de¬ 
pressions of 1.83-2.49 have been observed in urine of the pollack whale 
(Morimura, from Smith 220 ). Dolphins given hypertonic salt solution by 
mouth had feces isotonic with blood, and in several hours 53 per cent of the 


TABLE 6. CONCENTRATIONS OF BLOOD AND URINE 
OF VARIOUS MARINE MAMMALS 



Ai 

Au 

Whale (Delphinus phocaemf 

0,74 


Whale (Bdaenoptera sibbaldii) m 

1.26 


Whale (Bdaenoptera borealis 



and Bdaenoptera physdus) 


2.46 

(Schmidt-Nielsen & Holmsen, from Krogh 1 ”) 


0.73 

Seal (Phoca barbata) m 

0.65 

Seal (Phoca foetida) m 

0.70 

0.75-4.5 

Seal (Phocaena communis ) 

0.74 


(Rodier from Portier !M ) 

0.83 


Dolphin (Tursiops tursio) m 



salt and 84 per cent of the water was excreted. 08 The blood chloride changed 
very little, hence there must have been a shift of tissue water. 

Mammalian urine can be more concentrated than sea water, hence the 
body should be able to extract some water from sea water and excrete salts. 
Indeed, Gamble 80 has found that, in man, utilization of sea water is not 
limited by the kidney but by the gastrointestinal system. It would be of 
interest to know the gastrointestinal tolerance of sea water in marine mammals. 

In summary, reptiles, birds, and mammals have very low surface perme¬ 
ability to water. Birds and mammals are able to excrete a urine which is more 
concentrated than the blood. The primitive water-excreting function of the 
glomerulus has become diverted to a filtration-reabsorption system to excrete 
waste products with little loss of water. Hence the animals are able to get 
enough water by food or by drinking to supply their meager demands, The 
embryos are essentially aquatic but are protected against evaporative loss, in 
birds by the shell, and in most mammals by retention in uterine fluids. 

CONCLUSIONS 

When animals are arranged according to their osmotic performance (Table 
7), certain correlations with their distribution and taxonomic relationships 
are apparent. Many of the differences among animals from various habitats 
are differences in the degree of development of a capacity rather than in the 
specific kind of capacity. 

Success in living in the ocean may accompany either osmotic lability or 
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osmotic stability. If ocean water becomes too dilute, as-in the upper Baltic, 
poikilosmotic animals disappear. The only ocean animals in which a sharp 
gradient is maintained are marine vertebrates. Elasmobranchs, which retain 


TABLE 7 


Osmotic 

Characteristics 

Principal 

Mechanisms 

Examples 

Osmotic adjustment 

No volume regulation 

Marine invertebrate eggs, 
Phascolosoma 

Volume regulation 

Marine molluscs, Maja 

Nereis pelagica 

N. cultrifera 

Limited osmoregulation 

Low permeability; 
salt reabsorption 
in nephridiaf 

N. diversicolor 

Water storage 

Gunda 

Fair osmoregulation 
in hypotonic media 

Selective absorption 
of salts from medium, 
kidney reabsorption 
or secretion, low 
permeability 

Carcinus 

Regulation in hyper- 
and in hypotonic media 
except at extremes 

Unknown 

Uca 

Unlimited regulation in 
hypotonic media 

Hypotonic copious 
urine, salt reabsorp¬ 
tion or water secretion, 
low surface 
permeability 

Crayfish 

Freshwater teleosts 

Amphibia 

' 

Water impermeability 

Freshwater embryos 

Maintenance of hyper¬ 
tonicity in all media 

Urea retention 

Elasmobranchs 

Regulation in hyper¬ 
tonic media 

Extrarenal salt ex¬ 
cretion, low water 
intake 

Marine teleosts 

Unknown 

Artemia 

Regulation in moist 
air 

Low skin permeability, 
salt absorption from 
medium, salt reabsorption 
in kidney 

. Earthworm 

Frog 

Regulation in dry air 

Impermeable cuticle; 
hypertonic urine 

Insects 

Hypertonic urine, water 
reabsorption in kidney 

Birds and mammals 


urea, have a gradient in the same direction as in fresh water. In other marine 
vertebrates some method of salt secretion exists and the blood is hypotonic. 
Marine teleosts excrete salt against a gradient by their gills, marine mammals 
by their kidneys. One important reason why insects and amphibians have 
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not extensively invaded salt water is their lack of mechanisms for secreting 
salt outward. This is perhaps surprising in view of the ability of some of them 
actively to absorb salt against a gradient. It must mean that inward and out¬ 
ward permeability are physiologically separate. 

Ability to live in salinities greater than that of sea water requires ability to 
maintain a gradient of hypotonicity, as in brine shrimps. Some marine crabs 
such as Uca are able to do this; a few others are hypotonic in normal sea water 
where the ability can be of little value. Apparently all land crabs can keep 
the blood hypotonic. Ability to maintain hypotonicity has developed several 
times among arthropods. 

Little is known of osmotic relations in endoparasites, but some helminths 
show a limited osmoregulation. Gregarines swell and shrink with changes in 
the medium, 

Success in fresh water requires osmotic regulation of such order that a high 
concentration of body fluids can be maintained against an extreme osmotic 
gradient. Such regulation requires active mechanisms for (1) low permeability 
to water, (2) water elimination, (3) salt retention, and (4) salt replacement. 
Fresh-water animals differ from marine in degree of development of these 
regulating mechanisms. Copious water elimination is necessary in all fresh¬ 
water animals except in very impermeable eggs. Marine protozoans put into 
fresh water develop vacuoles or increase the output of vacuole systems already 
present, Marine Crustacea which can live in brackish water increase their 
urine output in dilute media. Fresh-water fish excrete a copious urine, where¬ 
as in some marine fish the kidney becomes almost vestigial. But nowhere is an 
animal known which can excrete a totally salt-free urine, hence there must 
be mechanisms for salt retention and salt replacement. 

Salt retention can be brought about (1). by very low or negligible outward 
permeability to body salts, and (2) by salt reabsorption in the excretory organs. 
Low salt permeability is found in many marine animals. Salt rcabsorption 
occurs in those marine animals whose kidneys function in the conservation of 
certain useful salts, but the power of salt reabsorption is much more highly 
developed in fresh-water animals, for example in the long tubules of the kid¬ 
neys of fresh-water crustaceans and vertebrates. 

Salt may be replaced from food or by active absorption from dilute solutions. 
Some fresh-water animals, for example Eubranchipus and Anguilla, seem to 
depend exclusively, or almost so, on salt intake by food. In some insects there 
are special organs for salt absorption, as the anal papillae in Culex and Chiron- 
omits larvae. In many other fresh-water animals the respiratory epithelia 
contain secretory cells. 

Success on land (in air) requires protection against loss of water from the 
body surface and from the respiratory membranes, and against excessive loss 
of water by excretion. The only truly successful land animals are higher 
arthropods (arachnids, myriapods, and insects) and higher vertebrates (rep¬ 
tiles, birds, and mammals). All others are largely restricted to an environment 
which is at least moist. Life in moist soil is osmotically similar to but less rigor¬ 
ous than life in fresh water. The land arthropods are well protected against 
surface loss of water by their chitinous coat. Many aquatic Crustacea also 
have similar protection, and the entire group would perhaps succeed on land 
iff it solved the respiratory problem. Some crabs do spend hours or days on 


land. (See Pearse 107 for a discussion of migrations to land.) In the vertebrates, 
protection against surface drying is afforded by horny scales, feathers, and 
hair. All of the successful land animals also have protection against excessive 
water loss from their respiratory surfaces. Lack of such protection keeps some 
groups (Onychophora, land Isopoda, Amphibia) restricted to a moist en¬ 
vironment. 

All of the really successful land dwellers seem to be able to retain water 
by excreting a concentrated urine. This is functionally comparable to salt 
secretion by the gills of marine animals, but probably no marine animals except 
mammals excrete a hypertonic urine, Many land insects excrete nitrogenous 
wastes in solid or semisolid form and probably reabsorb water in the posterior 
digestive tract. The kidney tubules and cloaca of birds and the tubules of 
mammals reabsorb water. Water reabsorption as a kidney function occurs in 
many aquatic animals; water reabsorption accounts for urea concentration by 
the frog kidney, yet is insufficient to permit the frog to live in a dry environ¬ 
ment, The importance of quantitative rather than qualitative differences in 
responses to osmotic stress is illustrated by the animals which live in atypical 
habitats. In Java there are soil sipunculids and land nereid polychaetes. 87 
In Java, Florida, and elsewhere there are land-dwelling hermit crabs, In Italy 
a typical brachyuran crab, T elphusa, lives in fresh water. Insect larvae and 
one adult Chironomus live in ocean waters near Samoa. There are desert 
amphibia, some of them ovoviviparous, 50, 185 Closely related snails dwell in 
salt, brackish, and fresh water and on land. The fact that many animal groups 
have representatives in atypical environments demonstrates the lability of 
osmotic characters. 

No particular osmotic character is exclusively associated with life in any 
particular habitat. The functional superiority by which one group succeeeds 
in an environment which is difficult osmotically, whereas another group is 
restricted to an easier environment, is quantitative. Sometimes new structures 
take over a given function; sometimes old structures become obsolete, but in 
each major environment some animals exist with the kind of capacities used 
especially in another environment. Whether a given group will succeed in a 
new environment depends on its ability to respond quantitatively to environ¬ 
mental stresses in making use of functions which it already possesses, rather 
than in developing totally new functions. 

Within a species it is likely that individuals show certain quantitative 
differences. Some specimens of Carcinus excrete an isotonic, some a hyper¬ 
tonic, and some a hypotonic urine. Would those individuals of Carcinus 
which excrete a hypotonic urine be more likely to push up estuaries toward 
fresh water? Keys 132 noted that some of a group of marine killifish (Fun- 
dulus parvipinnis) readily become acclimated to fresh water, whereas others 
in the group perish. Combined field and laboratory observations of animals 
living in a long estuary showed individual and species differences in tolerance 
of sea-water dilution. 233 Gammarus from open sea (A 0 =L79) tolerated 
dilutions down to 8 per cent sea water, whereas individuals from brackish water 
(A o =0.978) survived dilutions down to 2 per cent sea water. Mya from the 
open sea were limited in tolerance to 52 per cent sea water, but Mya from 
brackish water tolerated sea-water dilution down to 36 per cent. The experi¬ 
mental data on osmotic regulation agree well with distributional data, A 
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statistical study of the abilities of many individual members of groups which 
are in transitional stages, e.g., brackish water brachyurans, shore and estuarine 
snails, or some of the Anura (particularly toads), would provide evidence 
regarding the role of individual functional differences in invasion of new 
environments. Individual differences in response to osmotic stress may be 
either physiological, representing the normal range of variation, or genetic, 
providing the means for appearance of new varieties or subspecies which may 
differ in range of distribution. 

Osmotic regulation, then, comprises a group of very labile characters. 
Evolution of osmotic function has proceeded in many directions by many 
small changes. 
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Inorganic Ions 

s__ 

^ J Osmotic pressure is proportional to the total concentration of 
solute particles, regardless of kind, and most of the osmotic pressure in the 
blood of animals is contributed by inorganic ions. How do animals treat the 
different elements in the inorganic salts? 

In general, living organisms tend to select certain elements and to exclude 
others. Ninety per cent of protoplasm is composed of carbon, hydrogen, and 
oxygen. There is little relation between abundance and availability, and only 
indirect correlation between availability and biological utilization, Nitrogen, 
although present in far greater amount in the atmosphere than is oxygen or 
carbon, is much less used. In large part, the chemical properties of an element 
determine its biological usefulness. Metals have only special uses; marine 
animals tend to accumulate potassium in relation to sodium and to exclude 
magnesium and sulfate. The concentration of hydrogen ions tends to be higher 
in body fluids than in surrounding aqueous media. 

IONS IN BODY FLUIDS, EXTRACELLULAR AND INTRACELLULAR 

All cells appear to have an inorganic composition different from the fluids 
which bathe them; that is, cell membranes selectively regulate cytoplasmic ion 
composition. Examples of the differences between tissue and body fluid ions 
are given in Table 8.* Analytical separation of intracellular and extracellular 
ions is not always possible. Data for red blood cells (Table 8) show that these 
cells usually select potassium, although in some species (dog and cat) they 
have relatively more sodium. The extracellular volume in frog striated muscle 
has been estimated by histological methods to be 14.5 per cent of the total 
muscle; if the chloride in muscle were entirely extracellular and at the concen¬ 
tration of plasma chloride, the space it would occupy is 14.7 per cent in frog 
sartorius, 14.5 per cent in rat, and 12,5 per cent in cat, in remarkable agreement 
with the histological measurement. 40 The concentration of potassium, cal¬ 
cium, and magnesium inside muscle fibers is higher than in muscle as a whole 
(Table 8 2Ti uo ). The concentration of potassium is 50 times greater inside 
the fibers than in the interfibrillar space. The amount of chloride inside muscle 
fibers is nil 40,50 or is exceedingly small. 27 Microincineration data 108 agree 
with the analytical data that most of the calcium and magnesium of muscle 

* Inorganic elements are here considered as ions as iE in solution of comparable con¬ 
centrations, although in body fluids unknown and variable amounts are bound to organic 
molecules. 
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is inside the fibers. Chloride in all tissues is mainly extracellular and readily 
replaceable except in brain. 2 

TABLE 8, CONCENTRATIONS OF IONS IN TISSUES AND BODY FLUIDS 
In mM/kg. (except where stated as mM/1. H s O) 
Animal Tissue Na K Ca Mg Cl SO t 

cat™ plasma (in 

mM/1. H.0) 178.5 5.3 2.79 1.08 12.8 

whole muscle 28.5 151. 1.2 15.4 18.0 

muscle fibers 5.7 174. 0.9 17.7 0 

dog" serum 141.4 4,6 2.47 0.95 108.8 

cerebral 51.0 95.6 1.07 5.63 36.7 

hemispheres 

cerebellum, 50.8 92.7 1.07 5.40 35,2 

brain stem 

man 110 serum 143 5. 5. 2.2 103 1 

red blood 10 105 0 5.5 80 

cells 

cerebrospinal 151 4 3 5 125 1 

fluid 

rat M plasma 145 6,2 3,1 1.6 116 

muscle 26.6 101.4 1.5 11,0 16.3 

pig 87 ' 80 plasma 6,9 

red blood 

cells 11 128. 

dog”’® plasma 6.4 

red blood 

cells 107 6.9 

cat 87 * co plasma 6.67 

red blood 

cells 104 6.67 

frog 8 * plasma 103.8 2.5 2.0 1.2 74.3 1.9 

muscle 23.9 84.6 2,5 11.3 10.5 0.3 

muscle fiber 155 126.0 3.3 16.7 1.2 

water 

Peri- hemolymph 169 27.1 

planeta serum 109 17.3 

(dog chow muscle 45.6 112 

diet) 12 * nerve cord 83.9 140 

Loligo 85 blood 354 16.6 469 


muscle 53.6 113.7 71 

nerve 244 



TABLE 8 (continued) 


CONCENTRATIONS OF IONS IN TISSUES AND BODY FLUIDS 



Numerous analyses of body tissues in a variety of animals show the tendency 
to concentrate potassium and calcium and to limit chloride and sodium (Table 
8). In sixteen marine gastropods the concentration of potassium and calcium 
in the whole snail is uniformly higher than that of these elements in sea water, 
that of sodium is about the same, and that of magnesium is. similar to or lower 
than that in sea water. 30 The ability of cells to accumulate certain elements 
and to exclude others is general. In marine algae the vacuolar sap-differs from 
the protoplasm, and both differ from the sea water, The mechanisms of ionic 
selection constitute important cellular problems and have been frequently 
reviewed, 37,70 Our present concern, however, is with the ionic correspond¬ 
ence between the body fluids of animals and their medium. 

IONS IN BODY FLUIDS AND IN EXTERNAL MEDIA 

Concentration of Ions. Table 9 presents representative analyses of ions in 
millimols per liter of body fluids of a variety of animals, In a general way the 
similarities are more striking than the differences among phyla and classes, 
Usually the total sum of cations exceeds the sutn of all anions, the anion deficit 
being made up by proteins and amino acids. 

The concentrations of different ions in the body fluids of an animal in a 
given medium may vary with the season and temperature, with physiological 
state, and with sex, age, and other conditions.- The blood of crayfish, for 
example, taken in May and June, has a higher concentration of Na + and a 
lower concentration of Ca++ than that of crayfish taken in January and 
February . 43 The blood of butterflies in the larval stage contains more Mg++ 
and CI~ but less K + and phosphate than does that in the pupal stage, 23 

Insects are remarkable in the high potassium and low sodium in the serum, 
the ratio of Na to K being consistently lower than that in frogs and mammals. 
A silkworm has in its body fluids about the same sodium concentration as the 
mulberry leaves on which it feeds, but on pupation it loses practically all of 
its sodium and the pupal tissues contain much potassium but negligible 
sodium. 122 A series of carnivorous insects showed an Na to K ratio greater 
than 1, and a series of herbivorous insects showed an Na to K ratio of less 
than 1. 24< 28 However, diet per se does not determine the Na/K ratio, at 
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least in the cockroach, isa and whether the ratio is less or greater than 1 may 
be a genetic character. 

Many cellular functions vary with the ratio ol alkaline metals to alkaline 
earths. This ratio f(Na+K)/((H-M r)] < s ^gber in vertebrate bloods than 
in body fluids of invertebrate animals. ,M 

TAMM M 


CONCENTRATION OF IONS IN UFA WATER AND IS IfODY FWIDS 
For sea water, in mM/1.; in My iiuiils, in niM/1. (met* where stated as «nM l If/)) 



Inorganic Ions 

TAMM 9 (continued) 


, CONCENTRATION OF IONS IN SEA WATER AND IN BODY FLUIDS 
For sea water, in mM/1,; in body fluids, in mM/1. (except where stated as mM/1, H a Q) 



Na 

K 

Ca 

Mg 

Cl 

SO, 

Molluscs 







Venus m.'“ 

438 

7.39 

9.50 

25,0 

514 

25.6 

Mytil»s ,f * 

449 

7.69 

11.7 


538 


Doris ' 11 

513 

14.8 

12.45 

53.5 

529 


Aplysia 1 ' 

588 

12.1 

12.5 

53,7 

625 


Eledone" 

425 

12,2 

11.6 

57.2 

480 

43.1 

Eusepia " 8 

456 

11,5 

12.0 

513 

530 

28.9 

Arthropods 







Careinus '* 1 

513 

11.9 

12.9 

19.0 

540 

20.0 

Carcinus*" 

575 

7.43 

12.4 

26.5 

544 


Cancer' 11 ' 

501 

12.0 

13,8 

273 

511 

30.1 

(mM/1. Mat)) 







Cancer 111 

459 

10.2 

11,9 

21,9 

479 

18.8 

Pachygrapsus'"" 

496 

10.5 

16,5 

10.0 



Caliineetes 

460 

13,5 

19.78 

9,5 

480 

11.4 

(Smith, in Cole* 1 ) 







Erioeheir'” 

492 

9.98 





Eriochcir w ' 


8.64 

11.5 

15.8 

441 


Homarus (mM/1, HaO)" 

" 510 

14.05 

14,6 

7,1 

515 

10.0 

Homarus (Me.) 

465 

8.55 

10,45 

4.78 

498 


(Smith, in Cole 1 ") 







Homarus (N. Y.) 

463 

8.92 

19.0 

9.2 

495 

10.6 

(Smith, in Cole 8 ') 







Homarus (Me.) 1 " 

455 

9,28 

17.1 

9.0 

472 

5.1 

Panulirus 108 

461 

9.09 

19,4 

103 



Mesidotea (brackish)" 

203 

6.15 

12,56 

11.55 

207 

7.18 

Fresh-water 







Cambarus 81 

381 

11.8 

9.92 

2,55 

118 


Cambarus clarki“ 

160 

5.76 

12,2 

2.0 



Astacus 18 

152 

2.81 

12.0 

2.48 

176 


Anodonta M 

15.4 

0.38 

5,3 

0353 

10.55 

1.53 

Anodonta" 



7.5 


18,2 

0.14 

Terrestrial 







Earthworms 







Pheretima' 







blood 

41.3 

18.8 

4.25 

2.88 

143 

034 

coel. fluid 

80.5 

5.9 

5.6 

163 

22.8 

0.24 

/meets 







Honeybee 18 

5.0 

24.3 

3.73 

7.81 

33,2 


larva 







Sphynx 11 

4.35 

48.4 

7.48 




Cecropia" 

7.0 

50 

7.35 




Saturnia p.“ 

3.04 

39.1 

7.13 




Sphynx* 

0 

35,2 

8.25 

23,0 

16.8 


Periplaneta JW 







hemolymph 

169 

27.1 





serum 

107 

17.3 





Bombyx larva 

14 

40 





(mM/l.H 3 Or 







Hydrophilus" 

119 

13,3 

11 

20 

40 

0.14 

Dytiscus" 

133 

10 
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TABLE 9 (continued) 


CONCENTRATION OF IONS IN SEA WATER AND IN BODY FLUIDS 
For sea water, in mM/1.; in body fluids, in mM/1. (except where stated as mM/L HsO) 



Na 

K 

Ca Mg 

Cl SO. 

Calliphora 21 

148 

37 



Apis 21 

10 

45 






VERTEBRATES 


Marine 





Myxine 

400 

9.06 

5.26 22.6 

448 6.00 

(Smith, in Cole” 1 ) 





Acanthias 81 

257 

6.91 



Raja stabul. 112 

236-267 

4.5-S.2 



Raja diaph. 112 

166-237 

6.8 



Carcharias lit. 112 

258-275 

5.45 



Mustelus canis 112 

270 

4.4,5.6 



Lophius pise. 113 

198 

7,5 



Lophius" 

228 

6.4 

2.3 3.7 

164 

Sygnathus 1 " 

207 

16.2 

3.5 9.7 

166 

Muraena 1 " 

252 

24.2 

3.78 2.8 

179 

Gadus 81 

181 

10.0 



Caretta car. 114 

151 

6.7 . 



Amphibious 





Frog (mM/1. H a O) 122 

108 

2.6 



Frog” 1 

103.8 

2.5 

2.0 1.2 

74,3 

Chrysemys marg. ,u 

120,149 

3,3 



Pseudemys eleg, 111 

126 

3.3 



Terrestrial 





Man 81 

131 

5,23 

2.34 0.865 

110 

Man™ 

145 

5.12 

2.49 1.235 

103 2.51 

Man 10 

109 

5.0 

2.52 1.0 

107 

Man 110 

157 

5.4 



Dog" 

141.4 

4.66 

2.47 0.95 

108.8 

Rat 11 

145 

6.2 

3.1 1.6 

116.0 


Hydrogen Ion Concentration. Animals maintain a relatively constant 
hydrogen ion concentration which is usually more acid than the medium 
(Table 10). Sea water is alkaline (pH 8.0 to 8.1), whereas the blood and 
body fluids of marine animals have a pH usually between 7.2 and 7.8. Fresh 
water is also for the most part alkaline, although in some swamps and bogs the 
water may be more acid than the blood of inhabitants. Willmer 120 found 
the blood of some South American fish to have a similar hydrogen ion con¬ 
centration, whether the fish came from rivers (pH 6,7) or from acid swamps 
(pH 3.8-5.0). No data are available on the pH of gastrotrichs and other 
invertebrate inhabitants of acid swamps. A few representative pH values for 
insect bloods are given in Table 10; most insect bloods are unique in being 
slightly acid. A tabulation of the pH values for 72 species of insects gives only 
fourteen values higher than pH 7.0. Land vertebrates have a blood pH usually 
near 7.4. 

Ionic Regulation. The ability of an aquatic animal to adjust to the medium 
or to regulate the concentration of a particular element is indicated by the ratio 
of the concentrations inside to the concentrations outside the body (Table 11). 


Inorganic Ions 


81 


Departure from unity in this ratio and maintenance of a given ionic composi¬ 
tion when the external medium is changed reflect ionic regulation. The 
amount of magnesium anti sulfate in the marine environment is much greater 
relative to other ions than is the amount in the environment of fresh-water 
animals. Animals which adjust osmotically to the medium may regulate ion- 
ically. 



Table 11 shows that in echinoderms there is practically no ionic regulation 
in the inorganic composition of the coelomic fluid except for a slightly higher 
potassium concentration. The ambulacra! fluid is continuous with sea water, 
except in holothurians, and the coelomic fluid in all cchinodemi classes which 
have been examined is more similar to sea water than that in any other 
phylum. Despite the similarity of echinodcrm body fluid to sea water, the 
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substitute quantitatively for choline in the diet of the roach. 101 Choline is 
not required in the diet of the ciliate Tetrahymem, 11 
Inositol also is a constituent of many lipids, occurs in nucleic acids, and is 
widely synthesized. Certain strains of microorganisms require it, but no in¬ 
sects have been found to need it in the diet. Inadequate amounts may be 
synthesized by growing chickens and turkeys and by mammals if the diet 
contains the cereal product phytin; m - 14,1 under these conditions it is a 
dietary essential. Early reports of specific effects of inositol on some types of 
alopecia (hair loss) appear not to have been confirmed. 

Para-aminobenzoic acid is apparently a precursor of folic acid and may not 
be a true dietary factor for animals if there is an adequate supply of folic acid. 
Additions of p-aminobenzoic acid favor survival in vitro of Plasmodium 
knoivlesii, 180 but it apparently is not needed by insects or higher animals. 
Ascorbic Acid (Vitamin C). Ascorbic acid has the following structure: 

C = 0 

l\ 

HOC\ 

II \ 

HOC 0 

1/ 

HC 

' I 

HOCH 

I 

CHsOH 

This'is a substance which is readily oxidized, and therefore it may be important 
m maintaining a proper oxidation-reduction balance in many cells. It is widely 
distributed in animal tissues and in many plant sources and appears to decrease 
in the adrenal cortex under various stress conditions, as indicated for tempera¬ 
ture extremes in Chapter 10, p. 349. Ascorbic acid was early discovered as the 
anti-scurvy vitamin in man. Its lack results in small scattered hemorrhages 
and lesions, particularly of the gums. Ascorbic acid is needed in the production 
of intercellular cement, particularly of capillaries. The human requirement is 
1.6 to 1.7 mg./kg./day. 127 Ascorbic acid is not required in the diet by all 
mammals. It is synthesized in sufficient amounts by the rat and hamster, but 
must baled- to guinea pigs, monkeys, and men. Ascorbic acid appears not to be 
essential in the nutrition of insects, but those animals may synthesize it. 140 
1 he larvae of honeybees contain more ascorbic acid than do the adults. 54 It 
is said to be needed by cultures of the higher trypanosomes (mammalian blood 
parasites) such as Leishmania and Schizotrypanm , but not by free-living 
protozoans and primitive trypanosomes such as Strigomonas and Lepto- 


Nutrition 


131 


J' " m , p : ten ” 1 « lied 10 « group of products found in green 

y” t .f c " us fru ! ts wh » “0” may be more pharmacological than 

''II Tt T S “ b ?“ CeS ’ “f™ rati "' «•>«, 

against capillary hemorrhages and regulate the capillary cement. They differ 
from ascorbic acid and may not be true vitamins. 

dtorfl'tw^r. In *“ “ ls P™ “ d py® 1 *® ore 
dietary essentials. In cultunng the ciliate Tetrahymem Kidder and Dewey 


isolated three unkown essential factors. One of these proved to be a purine 
and guanine is specific, although others are additive; another of these factors 
is a pyrimidine, and in cultures cytidylic acid or uracil is used; the third is still 
unknown (see p, 135). 

A malaria organism, Plasmodium knowlcsii, needs purines and pyrimidines 
for best survival in vitro.™ Drosophila larvae have been grown on a syn¬ 
thetic medium which includes ribonucleic acid, >=< and it is possible to substi¬ 
tute nucleotide or the purine adenine for this requirement, '« Other insects 
san not to require dietary purines. In no mammals have purines and nyrimi- 
dins been shown to be dietary essentials, but since all cells contain them in 
nucleic acids, the enzymes for purine and pyrimidine synthesis must be very 
widespread. Numerous animals, such as Tetrahymem, lack the enzymes 
present m mammals for synthesis of guanine and uracil. 

HernaUn. Probably all aerobic organisms have oxidative enzymes and 
carriers (cytochromes) which contain iron in a porphyrin ring similar to that 
in hematin. The hemochromogen of cytochrome is more primitive in an 
evolutionary sense than hemoglobin and is synthesized by many animals and 
plants which do not make hemoglobin. A few blood parasites, the hemo- 
flagellates, have lost the ability to synthesize the hemattn which they need 
and therefore rely on their host. Closely related flagellates which are parasitic 
on msects and plants (e.g. Strigommaj) do not require hematin when cul¬ 
tured m mm but presumably synthesize it. Several species of Leishmania and 
T^PMsoma which parasitize birds and mammals require hematin, proto- 
J *,“'Oat cannot use other related substances) when 
cultuted m vitro. This is an interesting instance of loss of a synthetic 
unction by a parasite with increasing dependence on the host. Hematin is' 

Ss tfarimb* thC!e trypm “™ ls and fw f ■‘iihmmia, but not for other 
Fat-Soluble Essential Substances. The fat-soluble vitamins differ from the 

Vitamin A. One form of this is; 

CHa /CH, 

C CH, OH, 

\H H I H H H I H 

h 2 c c-c=c~c=c-c=c-e=c-CH,oi{ 

H*C C-CHti 

\/ 

H, 

» 

Vitamin A is synthesized by animals from plant carotenes and is a nart of 

»«1 pigment systems The best known of these is the visua pur le pSe„ 

«um rSf T‘ is f ™ vitamin a! whS 

fish and A foundnmi * 1 * t -* le / eti , na ot 8is8er ver,ctl “ tes and marine 

Vitkin A • bund I Predominantly m fresh-water fish (see Fig, 120, Cli 11) 

vSnAarfS:!! 

attun A* of hesh-water fish can be used by mammals, but k» well than A,. 
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TABLE 11. RATIOS OF CONCENTRATION OF IONS IN BODY FLUIDS TO 
CONCENTRATION IN MEDIUM (i/o). _ 


Animal 

Na 

K 

Ca 

Mg 

Cl 

SO, 

Coelenterates 

Aurelia 83 

0.99 

1,22 

1.08 

0.99 

1.04 

0.65 

Cyanea 71 

1.0 

1.67 

LO 

1.0 

1.08 

0.421 

Aequorea 74 

1.04 

2.55 

1.0 

1.0 

1.06 

0.894 

Echinodems (coel. fl.) 
Echinus 108 

0.995 

1.005 

1.01 

0.98 

0.98 

1.00 

Echinus 15 

1,13 

1.21 

1.23 

0.95 

1.04 


Strongylocentrotus (Me.) 

1.02 

1.065 

1.015 

0.942 

1.02 

0.80 

(Smith, in Cole 81 ) 
Strongylocentrotus (Me,) 81 

1.015 

1.13 

0.92 

0.93 

1.03 

0.99 

Echinarachnius (Me,) 81 

0.995 

1.011 

0.995 

0.982 

1.01 

0.969 

Solaster (Me.) 

1.01 

1.06 

1.016 

0.992 

1.01 

1.00 

(Smith, in Cole 81 ) 
Chirodota (Me.) 

1.01 

1.06 

1.085 

1.00 

1.01 

1.007 

(Smith, in Cole 81 ) 

Asterias (Me.) 

0.995 

1.05 

0.99 

0.99 

1.01 

0.995 

(Smith, in Cole 81 ) 
Asterias 81 

1.01 

0.975 

0.93 

0.901 

1.02 

1.00 

Cucumatia 

0.99 

1.06 

0.99 

1.00 

1.01 

0.99 

(Smith, in Cole 81 ) 
Cucumaria 81 

•1.00 

0.965 

0.925 

0.99 

1.01 

1.00 

Caudina (Japan) 78 

0.99 

1.06 

0.99 

0.995 

0.99 

1.05 

Paracentrotus lividis 17 


1.00 

1.00 

.84 

.99 

1.03 

Sphaerechinus granularis 17 


1.0 

1.0 

.86 

,99 

.97 

Holpthuria tubulosa 17 
Molluscs 


1.10 

1.08 

.97 

1.06 | 

1.01 

Venus (mantle fl.) (Del.) 81 

1,063 

0.918 

2.07 

0.944 

1.17 

1.17 

Venus (blood) (Del,) 81 

1.104 

0,925 

2.105 

0.923 

1.17 

1,16 

Mytilus 18 

0.96 

0.70 

1.12 


0.99 


Mytilus™ 





0.99 


Patella 77 





0.96 


Doris 15 

1.095 

1.35 

1.19 

1.15 

0.99 


Aplysia 15 

1.258 

1.08 

1.27 

1.15 

j 1.17 


Aplysia 14 


1.12 

1.105 

0.99 

0.98 


Astropecten auranticus 17 

j 

1.16 

1.11 

0.87 

1.03 

1.04 

Eledone 08 

.89 

1.23 

1.08 

| 1.03 

.854 

1.50 

Eusepia 88 

.958 

1.16 

1.12 

.93 ■ 

.944 

1.01 

Loligo 88 



.91 


.98 

.98 

Annelids and sipunculids 
Sipunculus 15 


1 1.135 

1.12 

0.886 

1.25 


Sipunculus nudus 17 


1.06 

.96 

1.28 

1.01 

.54 

Phascolosoma 117 

0.86 

4.22 

1.16 


0.842 

Amphitrite brunnea 

0.98 

1.43 

1.007 

1.09 

0.99 

1,01 

(Smith, in Cole“) 

Glycera dibranchiata 


1.05 

1,06 

1.22 

1.00 

0.908 

(Smith, in Cole 81 ) 






Aphrodite aculeata 11 


1.00 

.88 

.93 

.90 

.86 

Arenicola clap. 17 

Arthropods (Marine) 


1.39 

1.17 

1.0 

1.0 

.92 

Limulus (N. Y.) 

0.933 

1.346 

1.039 

0.522 

0.882 

0.644 

(Smith, in Cole 81 ) 

Limulus (Del.) 81 

0.99 

1.112 

0.949 

0.828 

0.972 

0.824 

limulus 88 

1.01 




0,964 

Cancer 701 ' 

1.12 

1.26 

1.41 

0.529 

0.973 

0.888 


TABLE 11 (continued) 


RATIOS OF CONCENTRATION OF IONS IN BODY FLUIDS TO 
CONCENTRATION IN MEDIUM (i/o). 


Animal 

Na 

K 

Ca 

Mg 

Cl 

SO* 

Cancer (Me.) 81 

1.004 

1.20 

1.186 

0.648 

0,974 

0.740 

Maja squinado 17 


1.08 

.96 

1.0 

1.0 

.83 

Carcinus maenas 17 



1.19 

,79 

1.03 

.93 

Cancer (summer) 15 

1,09 

2,78 

1.29 

0.630 

1.01 


Cancer (winter) 15 

1.21 

0.835 

0.95 

0.505 

0.935 


Maja (ultrafilt,)" 1 


1,21 

0.906 

0.742 

0.980 

0,780 

Callinectes (Me.) 

1.02 

1.26 

1.279 

0.184 

0.914 

0356 

(Smith, in Cole 111 ) 







Carcinus 14 


1.33 

1.17 

0.458 

0.981 


Carcinus 15 

1.238 

0.668 

0.845 

0.570 

0.975 


Carcinus 1 ® 1 

1.11 

1,21 

1,27 

0358 

0.998 

0.572 

Homarus (Me.) 

1.12 

0.94 

1.11 

0.094 

1.02 


(Smith, in Cole 81 ) 







Homarus (N, Y.) 

1.028 

0.838 

1.23 

0.178 

0.943 

0300 

(Smith, in Cole 81 ) 







Homarus (Me.) 111 

0.99 

1.09 

1,77 

0.266 

0.96 

0.20 

Homarus 13 

1.06 

1.80 

1,69 

0.088 

0.98 


Eriocheir 107 


1.11 

1.51 

0,396 

0,898 


Eriocheir 15 

1,05 

0.92 

1.35 


0,82 


Arthropods (brackish) 







Limulus (N. Y.) 

1.625 

1.477 

1.382 

0.319 

1.497 

0395 

(Smith, in Cole 81 ) 







Limulus (Del.) 81 

1.082 

1.176 

1.17 

0.783 

0.966 

0343 

Callinectes (N. Y.) 

2.531 

1.879 

4.095 

0.186 

2322 

0318 

(Smith, in Cole 81 ) 







Homarus (N. Y.) 

1,45 

1.678 

' 

3.505 

0332 

1.525 

0350 

(Smith, in Cole 81 ) 







Mesidotea (Baltic) 81 

2.48 

3.42 

4.62 

1,165 

2.015 

1.21 

Arthropods (fresh-water) 







Eriocheir 107 


98.5 

14.82 

9,2 

825, 


Astacus 107 


101 . 

16.58 

7.1 

575. 


Astacus 88 

152. 

36.4 

8.1 

10.0 

365. 


Cambarus 81 

64.5 J 

»100, 

9.1 

5,63 

591. 


Ascidians 







Ascidia 45 





1.03 


Phallusia 17 


1,14 

1.11 

.97 

1.09 

.99 

Ciona 17 


1.04 

1.01 

.87 

1,05 

.73 

Vertebrates (marine) 







Cyclostoms 







Myxine 

0.968 

1.0 

0,564 

0.450 

0.928 

0.197 

(Smith, in Cole 81 ) 







Polistotrema 83 





0,89 


Elastnobranchs 







Raja stabuliforis (marine) 118 

0.60 

0.53 

0.393 

0.052 

0.513 


Raja diaphenes (brackish) 118 

1.15 

1.47 

1.13 

0.153 

1.01 

0.235 

Carcharias littoralis (marine) 11 

8 0.60 

0.513 

0.378 

0.046 

0.453 

0.016 

Torpedo ocellata 17 


0.246 

0,079 

0.127 

0.223 


Scyllium canicula 17 


0.964 

0.352 

0.108 

0.495 


Teleost 







Salmo fontinalis 17 


0.50 

0.333 

0.0151 

0.185 
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ions in muscle, in skin, and in blood cells are all very different (Table 8).* 

Coelenterates show limited ionic regulation. Jellyfish, for example (Table 
11), have a gastrovascular cavity containing sea water, but the jelly differs from 
the sea in the proportion of its ions, particularly in higher potassium and lower 
sulfate. The total osmotic; concentration of the jelly is the same as that of 
sea water. Sea anemones contain less calcium than does sea water. 64 

Ionic regulation in marine molluscs, sipunculids, and annelids has not been 
much studied. The ratio of various ions inside to outside is near 1.0 for Aplysia 
and Doris, but the blood calcium is high in Venus and the blood potassium low 
in Mytilus (Table 11). The sipunculid Phascolosoma maintains its body fluid 
ions at levels differing greatly from those of ions in sea water. 117 This 
is the more significant because Phascolosoma has such low salt permeability as 
to appear semipermeable (Chapter 2, p. II). 1 Some marine polychaetes 
which adjust osmotically to the medium have nephridia which probably are 
not used for water regulation, but which may well function in ionic regulation. 

Ionic regulation in arthropods presents a varied picture. Table 11 shows 
that in sea water the sodium and chloride content of Limulus, crabs such as 
Cancer, Callinectes, Maja, and Carcinus, and the lobster Homarus varies by 
not more than 10 per cent from that of sea Water, whereas that of potassium is 
usually higher. Most of these arthropods also have a calcium concentration a 
little higher than that of the ocean. The lobster is remarkable in having con¬ 
siderably more calcium than potassium in its blood. All Crustacea show mag¬ 
nesium and sulfate concentrations much lower than those of sea water. 
Webb 128 presents a series in order of decreasing degree of ionic regulation: 
Homarus, Carcinus, Cancer, whereas in osmotic regulation the order is Car- 
cinus, Cancer, Homarus, Arthropods in brackish water maintain the same 
general proportions among the ions as when in sea water. Callinectes, Mesi- 
dotea, and Homarus from brackish water have strikingly high calcium content 
of the blood (Table 11). Fresh-water Crustacea contain high sodium and 
chloride, which are responsible for their high osmotic pressure. Potassium 
content is high, and the ratio of magnesium to calcium is higher in the cray¬ 
fish than in most marine crustaceans. 

Among vertebrates magnesium content is relatively lower than it is among 
invertebrates. In summary, ionic regulation at the cellular level does not 
require ionic regulation of body fluids in aquatic animals; some animals that 
show osmotic adjustment show ionic regulation; all that regulate osmotically 
also regulate ionically. 



RESPONSES TO ALTERATIONS IN THE MEDIUM 

Macallum S3,84 pointed out that the body fluids of some marine inverte¬ 
brates are like the ocean of today in ratios of the different salts, except for 
slightly lower magnesium and sulfate; these invertebrates lack circulatory 
systems (Aurelia) or have an open type of circulatory system (Limulus), Verte¬ 
brates differ most strikingly from invertebrates in lower chloride content and 
hence lower salinity, virtual absence of sulfate, and very much lower mag- 
nesiurncontent. Macallum suggested that the inorganic ions in The bloods of 
higher animals resemble the ionic proportions present in the ocean at the 

Since this chapter was written Robertson 108 " has published excellent analyses of 
dialyzed body fluids of many marine invertebrates. These data show that the potassium 
concentration of starfish body fluid is significantly higher than that of sea water. 
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time when their ancestors’ blood became separated within a closed circulation, 
whereas the fluids of animals like Aurelia and Limulus have changed with the 
ocean, changes in calcium and potassium occurring faster than changes in 
sodium, magnesium, and especially sulfate. Changes in the environment and 
in the organisms were thought to be very slow. Macallum suggested that the 
circulatory system of ancestors of the lobster was cut off from the sea very early, 
and that possibly the modern lobster came from fresh-water ancestry. Un¬ 
fortunately for the theory, the circulatory system of the lobster is open, like 
that of Limulus. Macallum’s general theory was well supported, with respect 
to the vertebrates, by geological evidence regarding the composition of the 
ocean at different ages. 



Fig. 23, Concentration of chloride in blood (Ch) in nig./ml. as a function of chloride 
in the medium (CL), in Mesidotea and Astacus. From Bogucki.* 1 ' ** 

Fredericq 54 also emphasized the rapid movement of water and slow 
changes in ions in the blood of various marine invertebrates on transfer to 
dilute media. 

Tests of Macallum’s hypothesis and of the limitations imposed by salt 
balance on animal distribution have been made by placing aquatic anirrials in 
sea water of different tonicities, or in solutions containing ions in. proportions 
differing from those in the customary media, then measuring the changes in 
composition of the animals’blood, 

The effects on ionic composition of transfer to different concentrations of 
sea water are shown for several crustaceans in Table 12 and Figures 23-25. 
When fresh-water crustaceans such as Astacus or Telphusa or a fresh-water 
Eriocheir is transferred to various dilutions of sea water, numerous changes 
occur. The water content of blood and of muscle may diminish slightly; the 
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protein content of blood decreases greatly. ' ,!i The various ions increase, but 
in different proportions; usually Na 1 and Cl increase more than K." 1 ', and 
all these more than CY' 1 . When marine animals such as Mesidotea 21 and 
Carcitm 43 ’ 101 are transferred to dilute .sea water, reverse reactions occur, 
and the blood constituents are diluted in different proportions. These changes 
occur rapidly during the first few hours and then more slowly, equilibrium 
usually being reached in 2 to 7 days. A relatively constant body weight is 
maintained. The net result is that the ratios among the different ions change 



Fig. 24. Concentrations of sodium, potassium, calcium, and of total protein (PR) in 
the blood of Carcinus as a function of the concentration of the medium (dilute sea 
waterf) in freezing point (Ao)- From 


with a change in total tonicity. Blood proteins decline with Increase in blood 
salts (Fig. 24), 

Changes in blood chloride have been followed in numerous species. In 
dilute sea water the blood chloride concentration decreases, but some regula¬ 
tion occurs, and below a certain concentration the blood chloride remains 
nearly constant (Mesidotea, Fig, 23). In Gmmarus , correspondence of blood 
chloride to chloride in the medium occurs in higher concentrations, and regu¬ 
lation to a constant blood chloride occurs in very dilute media (Fig. 25), 
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Blood chloride appears to be more labile than tissue chloride in crustaceans, 
When gammarids (Freshwater, brackish, and marine sjtedes t were tram 
ferred to media of different tonicities, the blood chloride changed more than 
the muscle chloride did (Fig. 25). lirbeheir, which is marine like in excreting 
a small volume of near-isotonic urine, has a blood to tissue Cl ratio of 280:431, 
whereas in Astmus, which excretes copious dilute urine, the blood to tissue 
Cl” ratio is 189:378, The ions of Kriotoir and Astono, bloods change dis 
proportionately in different media, 1,1 In Myri/m, on the other hand, the 
blood chloride changes in proportion to tlte sea water chloride, hut changes in 
muscle chloride are greater. 7 " Changes in hitHul anti tissue chiotide occur 
rapidly in Mytilm, and the animals the if their chloride content is severely 
depleted. 83 

mK4/l 

NoCI 



S.W. EGUIW.ENT mM NoCI 

. % 25. Blood osmotic pressure (O.P. j, Wood dhiarde (Cl) n m.M XadT, .mi 
tissue chloride (Cl) as n»M' NaCl/kg, wet wt. in (iammutm Jtuefam (breddtlt), G. 
obtusalus (marine), and O’, pula (fresh water) in dilution* of m wain coriopumlinji 
to the concentrations of NaCl given on ihr abscissa. From ffeatfle arwi l tagg 4 

When mosquito larvae (Aedes detritus) are in different dilution* of sea 
water, both total osmotic concentration and chloride concentration are well 
regulated, but they show progressive changes with external concentration, »■ 
inotic concentration and chloride content changing disproportionately. Larvae 
of Aedes mgypti regulate Cl " well in dilute but not in hypertonic media 
(Fig, 26), 

The effects of disproportionate changes in particular dements also indicate 
selective ionic regulation. Those animals with some Ions present in nearly 
the same concentration as in sea water change their concentration of tin* tot 
readily, Sea anemones : u in dilute » water increase their water and 
their calcium concentration, whereas in a mixture of sea water tad isotonic 
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C,aCI 3 the calcium concentration in the anemones doubles in 48 hours. Table 

inerts !!! in h ^h rl8n ‘ L '^ nsis ’ the eSms of proportionate 

wSV K ,1 C f i ’n an i anfl decrease in S0 ^ in the medium. 
Wtthm 5 days the hotly fluid alters in salt balance to conform to the altered 

environment; two-way- permeability is indicated. Sea urchins take up Nal by 
exchange with NaCl through the body surface. 11 Echinoderms, which 
nearly correspond lomcally to the sea, lack a closed circulatory system and thus 
tonioim to Macallums hypothesis; however, other animals which have an 
open circulatory system show disproportionate changes in ionic concentrations 
in a changed medium. I he worm, Phamhsoma, shows no osmoregulation 
hut does show good sa t regulation; the content of Cl” in the muscles increases 
more than does that of K 1 , when these elements are increased proportionately 


0 <•« — 
0 

2 w- 


OSMOTIC PRESSURE 


T 1,0 —. // 5 

1 -Xb. 

2. 0J ~ / t 

5 / J 

2 Ax 

y oa —Jr V 


’ “ W t 

SEA WATER [%NaCl] 

Fig. 26. Relation between total mmotic prettute and chiotide in Hood of Aeies 
atom larvae and those of the medium expressed in equivalent concentrations of NaCl. 
Broken lines for A. ugyptt from Wiggbworth. 18 * Diagonal straight line represents Wood 
ana medium as isotonic, From Beadle. 7 

in the medium, UT In such animals as the crustacean Carcinus mamas and 
the mollusc Aplysia the ratio of ions can be changed in a few hours by 
immersion in sea water containing an excess or a deficiency of particular 
elements, 14 For example, in sea water lacking calcium the blood Ga ++ of 
Carcinus dropped from 0,6 to 03 mg./cc. in 75 hours, whereas the blood 
Ca++ of Aplyrn decreased from 0,5 to 0,15 mg./cc, in 5 hours, When Car- 
emus is transferred to dilute sea water there is a net increase in salt excretion 
and the percentages of Na+ K + , Ca++ and Cl“ increase relative to the 
medium, while the percentages of Mg+ + and SOr decrease, 126 
It is doubtful whether die kind of circulatory system has much relation to 
salt balance, since some animals with an open circulation show considerable 
ionic regulation. No studies of ionic regulation in different media have been 
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made with aquatic vertebrates, although the concentration of their blood 
chloride and probably that of other ions can change. The chloride concentra¬ 
tion in eels in fresh water is lower than that in eels in sea water by a ratio of 
about 100 to 117. 70 Also the ratio of Cl" inside to Cl - outside in hagfish 
remains relatively constant in different salinities; hence Cl" must be taken in 
and given out . 23 It is probable that the salt ratios iri vertebrates tend to be 
more fixed than the salt ratios in animals with open circulatory systems. In 
any case, the invertebrates which have been studied show rapid alterations in 
salt content and may even change their ionic ratios with changes in the en¬ 
vironment. 

MECHANISMS OF IONIC REGULATION 

Some animals, such as echinoderms, differ very little from sea water in the 
composition of their body fluids, whereas in others certain elements are selec¬ 
tively concentrated and other elements excluded. The ratios of salts inside 
to out are not static but vary somewhat according to the medium. How is the 
unbalance in ionic concentration in body fluids maintained? 

Physical Factors. One physical factor which might make for concentration 
differences is the Donnan equilibrium, That is, some of the ions may normal¬ 
ly be bound to ions of opposite sign (largely proteins) which cannot diffuse 
across body membranes, keeping the concentration of the bound ions higher 
than on the side lacking the nondiffusible substance. Electrical and osmotic 
equilibria apply only if some of the protein molecules have more than one 
ionizing group. The Donnan equilibrium requires that the product of dif¬ 
fusible cations (positive ions) inside and the diffusible anions (negative ions) 
inside is equal to the product of diffusible cations outside and diffusible anions 
outside, as follows for sodium, protein, and chlorine: 

Na. Cl, I Na, Cl, 

Nat Pr, | 

Na, CL . Nai>Na, 

Na»~ Cl, " Cl. <C1, 

In Limulus blood the sodium and chloride ratios agree well with values pre¬ 
dicted on the basis of a Donnan equilibrium . 38 * 121 

If the concentration gradient of all ions were maintained by protein binding, 
the Donnan ratios should hold for all elements, and on dialysis against sea 
water (for marine bloods) the ionic differences should persist. Table 13 gives 
analyses of blood of several animals before and after dialysis against sea water. 
This table shows that in Echinus where the protein is low there is no signifi¬ 
cant difference in ionic composition after dialysis, In the crustaceans, however, 
with higher protein, some elements, such as K + and Na+, are less concen¬ 
trated, and others, such as Mg ++ and SO 4 , are more concentrated after 
dialysis. The minor differences between the blood and sea water after dialysis 
across an inert membrane and the large differences between dialyzed and 
undialyzed blood show the small part played by protein binding. 

A second physical factor is difference in diffusion rates, Most animals are 
permeable to salts in varying amounts. Many experiments, for example on 
C audina body wall and on the cuticle of the foregut of Homarus, indicate that 


10 ns cross body membranes, other things being equal, i„ a series correspond- 
mg. to their mobilities: K>Na>Ca>M g ;CI>SO„ Specific differences in the 
rate o penetration could, however, « account for concentration differences 
only it all the tons were lower in concentration inside than out. An ion could 
not become more concentrated inside by fast diffusion alone. 

TABLE11 COMPOSITION OF BODY FLUIDS BEFORE AND 
_ AFTER DIALYSIS AGAINST SEA WATER 103 ’ ia 


a. Concentration in mg./g, H s O 


Animal 

Constituent 

Body Fluid 

Dialysed 
Body Fluid 

Sea Water 

Echinus 





esculentus 

Protein 

0.3 




Na 

10,22 

10.19 

10,3 


K 

0.3746 

0.3687 

0,3744 


Ca 

0.3994 

0.3950 

0.3938 


Mg 

1.223 

1.220 

1.246 


Cl 

18,59 

18.64 

18,62 


SO, 

2.601 

2,582 

2,609 

Homarus 

HaO 

985.4 

985,9 

986,1 

vulgaris 

Protein 

22.55 

22.605 



Na 

11.71 

10,57 

10.45 


K 

0,5503 

0,3773 

0.3799 


Ca 

0.5874 

0.4618 

0.3995 


Mg 

0,1732 

1,3085 

1.264 


Cl 

18,26 

18.375 

18.875 

Cancer 

SO, 

0.7628 

2,623 

2.646 

pagurus 

Protein 

34,94 

34.88 



Na 

11.55 

10,73 

10,47 


K 

0.4684 

0.390 

0,380 


Ca 

0,5519 

0,463 

0.4004 


Mg 

0.6583 

1301 

1,267 


Cl 

18.08 

18.60 

18.93 


SO, 

2.306 

2,647 

2,652 


HaO 

963 

961 

986.1 

b, c< 

imposition of body fluid as per cent o; 

: dialysis values 



Animal 

Constituent 

Echinus 

Homarus 

Cancer 

Carcinus 

Na 

K 

Ca 

Mg 

Cl 

SO. 

100 

102 

101 

Too 

100 

101 

111 

146 

127 

13 

99 

29 

108 

120 

119 

51 

97 

87 

109 

117,5 

107,8 

34,2 

103 

60.7 


r,o A l Ab » P forced, therefore, to seek active forces in ionic 

regulation; some of these reside in the body membranes and some in 
excretory organs. Krogh s studies of active absorption of ions have ken men • 
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tioned in Chapter 2. He found that a wide variety of aquatic animals actively 
absorb certain ions from their medium. In order that electrical equilibrium be 
maintained the electrolytes must be absorbed either as neutral molecules or, if 
as ions, by exchange for another ion of the same sign. Cl”, for example, may 
be exchanged for HC0 3 “. Krogh assumed that ammonia and bicarbonate 
are not taken up by any active processes, and he measured anion absorption 
from NH 4 + salts, and cation absorption from HCO<r solutions. A fresh¬ 
water bivalve (Unio pictorum) can concentrate Cl” as NaCl or can selectively 
absorb Cl” from CaCl 2 , A frog also absorbs Cl" with Na+ from NaCl against 
a concentration gradient of 1:1000. The frog can selectively take up Cl" 
from NH 4 CI, CaCl 2 , and KC1; it also absorbs Br" but takes up I", N0; t ~, 
and CNS" only by diffusion; Na + is actively absorbed, but not K 1 ', Nil*’ 1 ’, 
or Ca ++ . The crab, Eriocheir, actively absorbs Cl", Br", and CNS", but not 
N0 3 ", I", or SO-n it absorbs Na + and K + , but not Ca++. In Crustacea 
and fish the gills are permeable to salts in both directions; the skin is less so . 01 

Very little is known of the membrane mechanism for selective absorption 
and exclusion of ions, which is a problem in cellular permeability. Important 
factors are ion mobility, membrane characteristics, and exchange products of 
metabolism. An increasing amount of evidence is accumulating, particularly 
from the use of radioactive tracers, that there occurs continually a two-way 
flow of salts and water across cell membranes. Measurements of differences 
in total concentration on the two sides of a membrane, therefore, give no 
picture of the dynamic exchange. Continuous flow of ions into and out of 
plant cells occurs; similar two-way passage across the mammalian intestinal wall 
of Na+, Cl", and water, with net balances favoring the blood, has been 
demonstrated . 124 Apparently salts cannot move without some accompanying 
water movement. It is likely that the use of tracers will demonstrate much more 
lively movement of salts into and out of aquatic animals than has been sus¬ 
pected from chemical analyses of blood, urine, and medium. Active uptake 
can be most easily demonstrated in fresh-water animals, but active absorption 
by marine animals’occurs (e.g. Carcinus 1 " 11 ). In growing animals the net 
effect of ionic exchange must favor accumulation. 

Undoubtedly salt replacement from food is important in most species. Krogh 
was unable to demonstrate active absorption of ions by the eel; it must rely 
entirely on food for its salts. 

Excretion. Active selective absorption of ions is necessary in adult animals 
only because of continuous salt excretion. Conversely, a mechanism for the 
baling out of unwanted ions is necessary because of their continuous penetra¬ 
tion. In the preceding chapter it was shown that in fresh-water animals the 
kidneys eliminate osmotic water. Yet kidneys certainly evolved in marine 
animals, which are isotonic with their medium. The coelenterates and echino- 
derms lack special excretory organs, and they show least ionic regulation. In 
general, the most successful ion regulators are animals with excretory organs. 
It is reasonable to assume that in annelids, molluscs, and arthropods, kidneys 
arose and still function in ionic regulation; on migration to fresh water the 
kidneys took over water regulation secondarily. In the fishes, on the other 
land, kidneys arose in connection with water regulation, and on migration to 
t e sea the kidneys failed to take over ionic regulation; hence extrarenal routes 
were required. Whether salt is excreted extrarenally by invertebrate animals 


is not known. Possibly the contractile vacuole in marine Protozoa has an ion- 
regulating function. 

Evidence for active excretion of selected ions is given by the ratios of urine 


TAKE 14. KATTOS < ]PCONCm-RATIONS OF IONS IN URINE TO 
CONUN1 RATIONS IN PLASMA (u/p ratios). 


Garcimis ,ai 

Careimis" 1 

Cancer* 

Maja‘“ 

Eriocheir (S.W,) 1 
Eriocheir (EW.) 1 ' 
Astacus (EW.)"” 
Cambarus (EW.)' 
Pheretimu (EW.) 

(u/cnel. fl.) 
Skate 1 ’ 7 
5ypatiui$ w 
Hippocampus'" 
Lophius 1 " 
Lophius” 
Muraena'* 
man* 
man 4 ' 


Na 

K 

Ca 

Mg 

Cl 

SO* 

%\ 

exc 

PO* 

0.95 

0.78 

0.94 

3.90 

0.98 

2,24 






1.08 



0.97 

0.80 

0.89 

1.25 

0.96 

1.33 



0.83 

1,33 

1,44 

0.98 

1.47 


11 

1.15 

0.93 

2,17 

1.135 




1.39 

0.47 

0,22 

0.95 




<.124 

0.264 

0.45 

0.0525 



* 0.465 

0,140 

0.087 

0,45 

0.082 



0.127 

0,40 

0.536 

0.136 

0.046 

0.71 






1,0 

27.0 


0.407 

0.245 

1.85 

10.75 

1.70 


0.74 

1.01 




2.08 



0.40 

0.452 

5.67 

19.9 

0.86 


0.229 

0.58 

0,23 

3.4 

95.4 

1.18 

36.5 

0.23 

0,583 

0.120 

3.6 

26,35 

1.75 


1.4 

1.16 

7.5 

1.87 

2.41 

1.63 

20-60 


1.0 

6,85 

1.2 

4,8 

1.33 




2.27 

4.2 

5.22 


2.0 


to plasma concentrations of various elements (Table 14). These ratios are 
subject to much variation with dietary changes, etc, but they indicate the 
eiitaenoy or the kidney in salt regulation. In marine crustaceans the concen¬ 
trations of Mg++ and SQr are much higher in urine than in blood; the 
lower concentration of K 1 in urine indicates some fixation of this element by 
tissues and also raises the possibility of extrarenal salt excretion. The kidneys 
favor the retention of K' 1 ', Na+ and Cl”, and the elimination of Mg++ and 
b(V\ _ Nagel " 1 injected iodide into Carcinus and Hyas and found a con¬ 
centration in the urine higher than in the blood; the amount of injected iodide 
excreted was greater in Hyas than in Carcinus. In fresh-water arthropods the 
urine is hypotonic but not salt-free. It is essential to fresh-water life to have 
a kidney which either reabsorbs salt or secretes water. Bialaszewicz 18 injected 
large amounts of isotonic salt solutions into the crab Maja and measured the 
amount excreted in urine over a day or two. He found the time required for 
return to normal level was less for KC1 (1.5 hr.) than for CaCl 2 (15 hr.), and 
tins was less than for MgCIy (23 hr.) or Na 2 S0 4 (more than 120 hr.). When 
mixtures were injected, various elements were eliminated at different rates, 
ihe amount of the different salts eliminated by the kidneys represented only 
a small fraction (6 per cent for Mg) of vvlial disappeared from the blood over 
a period of 24 hours. Bialaszewicz concluded that salt is stored in tissues and 
that the kidneys arc not important in salt balance. This conclusion is hardly 
justified from his nonphysiological experiment, and it becomes important to 

search for possible extrarenal routes of salt excretion. 
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In marine fish the kidneys normally excrete most of the Mg ++ and S0 4 =, 
but the Na+, K + , and Cl~ are excreted extrarenally by way of the gills. In 
the sculpin, Myoxocephalus, the urine is normally free of or very low in Cl~, 
57, 08 but, when the fish are handled, a diuresis ensues and chloride appears 
in the urine. The sculpin can excrete a urine which is supersaturated in 
MgHP0 4 . Smith 113 > 115 found no K+ in the urine of Lophius or Anguilla, 
Selective secretion and reabsorption of elements by excretory organs is, there¬ 
fore, an important factor in ionic regulation. 

BALANCED SALT MEDIA 

The preceding sections have considered the relation between animals and 
their environment with respect to those elements which constitute the bulk 
of inorganic substances in living systems. The specific functions of the differ¬ 
ent elements, the antagonisms and interactions among them, comprise a large 
section of cellular physiology. A proper balance among the different elements 
is necessary for optimal functioning of organs, and for growth and develop¬ 
ment; the salt requirements for growth may differ from those for maintenance 
of a tissue. A proper balance of ions is needed for normal irritability, permea¬ 
bility, contractility, and other functional characters of particular tissues. The 
effects of salts on heart and other muscles are discussed in later chapters. 

In the culture of autotrophic Protozoa the following elements are probably 
essential: C, H, 0, N, P, S, Ca, Cl, K, Na, Fe, and Mg. 59 The requirements 
of traces of other elements can be established only by very rigorous chemical 
controls. The needs of different species vary considerably, Chilomonas para- 
mecium, for example, fails to grow in the absence of phosphorus and sulfur. 88 
Growth can be accelerated by an element which may not be essential to sur¬ 
vival. Manganese accelerates the growth of Euglena anahaens, 80 and 
tetravalent vanadium in concentrations below 10~ 5 M markedly increases 
division in Chilomonas paramecium. 28 Species of Protozoa which are unable 
to synthesize organic compounds from simple sources of carbon and nitrogen 
grow best when their organic food is in a suitable salt solution (see Chapter 5). 
Numerous culture media have been devised. 94 Failure to culture animals in 
synthetic media has resulted as often from lack of proper salt balance as from 
lack of some specific nutritional factor. 

In vitro studies of isolated tissues require the bathing of these tissues in 
solutions which simulate normal body fluids with respect to salts but from 
which the organic constituents are lacking. The composition of these physiolo¬ 
gical salt solutions is only rarely based on analysis of body fluids but is more 
often arrived at empirically. Such physiological salt solutions are not adequate 
tor growth. Table 15 presents some of the balanced solutions found useful 
tor difterent species. 

MINOR AND TRACE ELEMENTS 

In addition to the common elements of animal tissues, certain species require 
small amounts of other elements for specific purposes. Some examples of the 
utilization of trace elements are of interest; ■» i„ excess they may have toxic 
effects. Sporadic biological distribution of some elements is not readily 
understood. 127 3 


TABLE 15, SELECTED PHYSIOLOGICAL SOLUTIONS 
Quantities in grams unless otherwise indicated. 


Animal 

NaC 

a kci 

. CaCli 

, NaHCO 

a Other salts* 

Buffer 

HaO 

ml. 

Amoeba 








culture" 8 


0.00' 

1 0,00' 

1 

GaHPO* 0,002 
Ca,(POa)s 0.002 

pH 6.5 

1000 






MgHPO, 0.002 



Mytilus 111 

29.4 

Q.75< 

5 1,13/ 

7 


50 ml. phosphate 
buffer at pH 7,2 

950 

Homarus” 

26.42 

1.12 

2,78 


MgCls,6Hs() 0,82 
MgSO,3H a Q 0.7 

MgCh 2.66 or 1.33 

17.6 ml, 0.5 M 
HjBOn; 0,96 ml. 
0,5 M NaOH 

1000 

Carcinus 0 * 

34.8 

1.115 

i 1.55 


NaHCO, to pH 7 

1110 

Cancer 111 ' 

29,6 

0.99' 

1 1.475 


MgClj 0,422 

20 ml. 0.5 M 

1100 

Dogfish, 
Skate 8 ' * 





MgSOa 2.02 

H„BO t ; 0.96 ml. 
0.S M NaOH 


16.38 

0,89 

1.11 

0.38 

urea 21,6 
glucose 1 

NaHaPOi 0.06 

1000 


Lophius 1 ” 0 

11.9 

0,597 

0.249 

0.187 

MgCli 

KHjPOt 0.099 

1000 






0.348 



Nematode™ 

9.0 

0.42 

0.24 




1000 

Ascaris 5 

7.5 

1.42 

0.50 


MgCla 

phosphate 

1000 






0.418 

pH 6,7 


Fresh-water 

1.2 

0.15 

0,15 



pH 7,8 

1000 

mussel® 

Crayfish* 

12,0 

0,4 

1,5 

0.2 

MgCh 0,25 

1000 


Helix 18 

5.87 

0.73 

1.99 

1.87 

MgCh.6H,0 

KHCOa 0,22 

1000 






5,62 



Earthworm 108 

8.0 

0.2 

0.2 


MgSO ( .7HsQ 

0.1 


1000 

Earthworm 11 * 

6.0 

0.12 

0.20 

0.10 

pH 7,4 

1000 

Grasshopper® 

7.0 

0,2 

0,2 

0,05 

MgCla 0.1 

NaHaPO* 0.2 

1000 






glucose 8.0 

pH 6.5 


Insect 81 

9,0 

0.2 

0.2 


glucose 

pH 7- 

1000 






4,0 

7,5 


Frog 18 

6.5 i 

0.1 

0,2 



phosphate ! 

pH 7.4 

tooo 

Frog 88 

6.5 i 

0,14 

0.12 

0,2 

glucose 

Nal-L PO* ! 

1000 






2,0 

0.01 g 


Mammal 

9.0 ( 

0.42 

0.24 

0,2 

glucose 

pH 7,4 1 

[000 

(Ringer 





1-2.5 



Locke) 11 

Mammal 

8.0 ( 

3.2 

0.2 

1.0 

MgCla 0,1 

NaHaPOi 1 

1000 

(Tyrodes)* 




1 

glucose 1,0 1 

0,05b 


Artificial 7 

13.48 C 

),66 

1.10 1 

0.192 MaCh 4.98, Na a SO* 3.92 pH 8,1 1 

000 

Sea Water 11 




KBr 0.096, IW 0,026 
SrCIa 0.024, NaF 0.003 




*If glucose is used, it is added just before saline is to be used. 


Chlorine is.the common halogen, and is the most widely dispersed and 
innocuous anion, Bromine can sometimes be substituted for chlorine but 
appears not to be a normal constituent in animals, Iodine is essential for 
thyroxine in the vertebrates. Fluorine occurs in traces in vertebrate bone and 
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aids the hardening of dental enamel, hut in excess it causes abnormal bone 
structure. Fluorine is found in some molluscan shells, as in the oyster and in 
the mantle of the mollusc Archidoris . 127 

Calcium as carbonate or phosphate is a common structural material of endo- 
skeletons and exoskeletons. Because of the low solubility of CaC0 3 in alkaline 
water, much calcium is being continually stored up in masses of coral and of 
molluscan shell. Magnesium is important in some skeletons-foraminiferans, 
alcyonarians, echinoderms, and crustaceans. More magnesium is found in 
skeletons from warm areas, as in crinoids. 30 Magnesium is an essential com¬ 
ponent of chlorophyll. Strontium can be substituted experimentally for cal¬ 
cium in bone; it has been reported as essential in a radiolarian skeleton. 30 
Barium is sometimes accumulated and can be deposited in calcareous struc¬ 
tures. Silicon is the important material in the skeleton of most radiolarians 
and diatoms, and in the spicules of siliceous sponges; it is a constituent of 
radular teeth of certain molluscs. 

Heavy metals are essential in the prosthetic groups of numerous enzymes. 
Iron is an important metal biologically in that it is an essential constituent of 
heme. 'The respiratory function of heme compounds is discussed in Chapter 9. 
The most widely distributed hemochromogen is cytochrome, a link in carbo¬ 
hydrate oxidation. Iron seems essential for the growth of the autotrophic 
flagellate Chilomonas 2(1 ' 6B only if thiamine is present. The radular teeth 
of the marine mollusc, Patella, contain iron as Fe 2 0 3 to the extent of 50 per 
cent of the ash weight. Copper also is active in an oxygen-transporting pigment 
(hemocyanin, Ch. 9) and is present in some respiratory enzymes; it is essential 
for hemoglobin synthesis in vertebrates. 48 Copper is found in the red pig¬ 
ment of feathers of South African turacos; traces of copper occur in oysters. 8(1 
Manganese occurs in traces in many animals, particularly in molluscs. The 
Mn content of oysters is high in gills and ovaries and is highest at the period 
of sexual activity. 55 Manganese is accumulated by some hymenopterans and 
may be stored, as are some other metals, in mid-gut cells. This element 
is essential for the normal development of mammalian embryos, and lack of 
manganese causes a bone disease of fowls. 120 Deficiency studies indicate 
that in the utilization of iron for hemoglobin there is some interaction between 
Mn, Co, and Cu. 120 Cobalt is more important for ruminant than for non¬ 
ruminant mammals, and is a constituent of vitamin B 12 (Ch. 5). 

Zinc has rarely been reported in animal analyses, although it is concentrated 
by some bivalves, especially Pecten, and it doubtless is essential in traces. 52 
Its only proved function is as an essential constituent of the enzyme carbonic 
anhydrase (Ch. 9). Vanadium is,selectively concentrated by several genera 
oV ( Ch - 9 )’. b y Plwrobmchus, and by a holothurian Stichopus. 

Nickel occurs in feathers; it has been reported in mammalian liver 
and in two marine molluscs. 13 Aluminum is widely distributed and may be 
an essential constituent of the succinic oxidase system. 63 The study of trace 
elements is made difficult by the necessity to prepare diets which are totally 
tree of the elements in question; it is quite probable that many elements are 
required in specific reactions in amounts corresponding to relatively few 
atoms per cell. 66 


Inorganic Ions 


SPECIAL FUNCTIONS OF CALCIUM 

The principal elements of living organisms are widely distributed in all 
organs; certain elements may be concentrated in particular organs, as iodine in 
the thyroid. Calcium becomes predominantly localized in skeletal structures 
and in other organs which are of interest in comparative physiology An 
excellent discussion of the function and metabolism of calcium in inverte¬ 
brates is given by Robertson. 188 In many arthropods calcium as carbonate 
and phosphate is deposited in and over the chitin, and no increase in size can 
occur except at the time of molt. In crabs (e.g. Carcims ) much Ca/POA 
is stored m the hepatopancreas before a molt, while in crayfish calcium is stored 
in gastrohths. Calcium may constitute 16 per cent of the skeleton of a normal 
crab and only I per cent of the skeleton of a freshly molted one. 71 The gastro- 
hths grow rapidly before a molt, and may consist of concentric layers deposited 
nocturnally, 1,(1 Secretion of the gastroliths is normally regulated by an 
inhibitory hormone from the sinus gland 88 (Ch. 22). In insects the chitin 
is normally not calcified. 

In earthworms the esophageal epithelium of the calciferous glands secretes 
spherules of CaCO a . Four functions of the calciferous glands have been sug¬ 
gested: (I) neutralizing the intestinal contents (this neutralization was shown 
m digestive secretions); (2) fixing metabolic 

V 02 ’,, JV P roviclln 8 buffer capacity for the blood when in an acid condi¬ 
tion;' ■ and, principally, (4) excreting excess calcium. 101 - 125 
, 141 mo J| uscs tIie calcareous shell is an important source of base in the neutral- 
nrvf °j P r °d uce d in anaerobiosis. In Venus kept out of water the total 
(A binding capacity of mantle fluid increases and the calcium concentration 
also increases. ** The shell is eroded by the mantle. Some nonvolatile acid 
(possjbiy lactic acid HI,) increases in the mantle fluid, and this plus the in- 
"Ixv equa]s the increase in calcium in the mantle fluid, thus forming 
Ca(HG0 3 ) 2 and CaL*: 2 CaCO* + 2 HL^Ca(HCO a ) s + CaL 2 . In the 
fresh-water mussel Anodonta cygnea kept in water under oil, a similar anaero¬ 
bic metabolism produces acid, and the pH of the blood remains about 7.3. 
Here the carbonate increases more than does the calcium; hence there must 
be some additional source of cations. 4(Ja 


CONCLUSIONS 

I he maintenance of suitable ionic balance is an important step in freeing 
an animal from strict dependence on its environment. In only a few marine 
groups—particularly in the echinoderms, and to a lesser extent in the marine 
coelenterates-are the various elements of body fluids in nearly the same 
proportions as in the ocean. Ionic independence is necessary for life on land 
or in fresh water. Nothing is known of salt balance in the body fluids of 
parasites. In general, the farther removed a phylum or class is from'the ocean, 
the more divergent are the salt ratios from those of sea water. The bloods of 
vertebrates and of insects are least like the ocean, and each is unlike the other 
(lable 9). I deration of changes in environmental salts has not been much 
investigated, but some animals such as echinoderms readily alter their body 
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fluids with the environment, whereas others regulate in varying degrees, the 
concentrations of different elements changing in different proportions. 

The ratios of ions in the body fluids in an individual animal, then, sire 
determined in two ways: (1) by its genetic potentialities of ionic regulation, 
and (2) by its immediate environment. Macallum's proposal that the ionic 
ratios of an animal correspond with those of the ocean at the time of the dosing 
of its circulatory system is untenable, although adequate tests with vertebrates 
have not been made, The principal mechanisms of ionic regulation are selec¬ 
tive permeability, protein binding as in the Donnan equilibrium, active ionic 
absorption from dilute media, and selective excretion. 

The availability of particular elements is rarely a limiting factor in animal 
distribution. Calcium may determine abundance; fresh-water molluscs, cray¬ 
fish, etc., are more abundant in limestone regions than in areas of low calcium. 
Animals require sodium chloride, whereas higher plants are said to grow 
without this salt, but sodium chloride is sufficiently widespread not to limit 
terrestrial animals. Needham 03 points out that the eggs of many marine 
invertebrates are dependent on their medium for minerals. The only groups 
which can colonize fresh water have the capacity of providing enough ash 
within the egg. Dependence on the environment for salts may, then, be more 
critical in embryonic than in adult life. 

Ecological limitation by trace elements has hardly been investigated. Recent¬ 
ly certain sporadic diseases of domestic animals have been correlated with lack 
of specific elements such as iodine, fluorine, manganese, and cobalt. 120 Con¬ 
versely, toxic levels of certain elements may be locally important. It is likely 
that deficiencies or excesses may operate naturally in limiting fresh-water and 
terrestrial animals. 
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CHAPTER 4 


Protein Specificity 


i HE proteins ocgur in greater variety than other organic compounds 
and are responsible for many specific properties of cells and tissues, 
^ Proteins exist as huge molecules which vary in amino acid com¬ 
position and in their physical form (stereochemistry), Most of the structural 
proteins are called fibrous-collagen from connective tissue, keratin from hair, 
myosin from muscle, and fibrin from blood clot, Most of the metabolic pro¬ 
teins are called globular-hemoglobins, hemocyanins, albumins, and the glo¬ 
bulins. Fibrous proteins occur in long slender chains which can undergo 
folding and which show reproducible geometric patterns as seen by x-ray 
diffraction; they may be similar among different species. The structure of 
globular proteins is only slightly known; they vary in molecular weights from 
tens of thousands to a few million, and characteristically they are specific for 
different kinds of animal, Some proteins, such as actin, are reversibly fibrous 
or globular. 

Protein Concentration in Blood. Protein molecules are, for the most part, 
so large that they cannot diffuse through cell membranes, Hence in body 
fluids they are responsible for a "colloid osmotic pressure" which limits the 
amount of fluid which can diffuse across gill and kidney membranes, Blood 
proteins also constitute a nitrogen reserve for an animal, In addition, certain 
proteins have specific chemical functions in the body fluids, 

The absolute concentration of protein in blood is highest in animals with 
well-developed circulatory systems (Table 16), This may be related to the 
higher blood pressures in such animals, Very low protein concentrations (about 
0 .1'gm. per cent) are found in the blood of bivalve molluscs. In annelids 
coelomic fluid contains much less protein than does the blood, Protein in the 
blood of arthropods varies from 1 to 6 gm, per cent, and in mammals protein 
concentration in the blood is usually 5 to 8 gm. per cent, Insects have an 
unusually high amino acid content in their blood, 

Electrophoretic Separation of Proteins. The proteins which have ken 
most studied from; the viewpoint of comparative physiology are blood proteins. 
These can be separated by various means. One method of separating the 
proteins of blood serum is to observe their migration in an electrophoretic field. 
In the Tiselius electrophoresis apparatus, protein components can lie separated 
visually. In mammalian sera the proteins, in order of decreasing mobility, are 
albumin, the «- and /3-globulins, and finally fibrinogen and y-globulin. 
The relative proportion of these components differs among different species 
and in various pathological conditions, 1 Not only can the various protein 
fractions be separated visually, but some electrophoresis cells are so arranged 
that the particular protein fractions can be removed after separation, In human 
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serum, for example, the 6.03 gm. per cent total protein consists of albumin 
3.32, crglobulin 0.84, 0-globulin 0.78, 7 -globulin 0.66, and fibrinogen 0.43 
gm. per cent. 16 



TABLE 16, CONCENTRATION OF PROTEINS IN BLOOD 
OR COELOMIC FLUID 


Protein 
Concentration 
Gm./I00 ml. 


Protein 
Concentration 
Animal Gm./lOOml. 


Echinoderms 
Echinus esculentus" 

Annelids and 

sipMculids 

Sipunculus 81 

Arenicola 81 

Pheretima 

(earthworm) 8 

Molluscs 
Pectcir 1 
Solen ensis 84 
Mya arenaria 81 
Mytilus edulis 21 
Aplysia 84 
Anoclonta” 

Pinna nobilis 117 

Helix 87 

Sepia 87 

Crustaceans 
Carcinus maenas 81 
Carcinus maenas 47 
Cancer pagurus 41 
Cancer pagurus 21 
Eriphia 87 

Homarus vulgaris 11 

Homarus 21 

Pagurus 8 * 

Nephrops 21 

Insects 
Hybernia 
(caterpillar) 87 
Deilephila (pupa) 80 
Apis (larva)' 1 
Bombus (Florkin, in 
Wigglesworth 18 ) 
Hydrophilus 
(Florkin, in 
Wigglesworth") 
Aeschna nymphs 
(Florkin, in 
Wigglesworth 18 ) 


0.005 (coel. fl.) 

1.7 (blood) (0.00 coel. fl.) 

3.64 (blood) (0.48 coel. fl.) 


0,075 

0.12 

0.09 

0.145 

0,28 

0.074 

0,028 

2.4 (summer), 3.3 (winter) 
4.978 


Dixippus I 
silkworm (caterpillar) 
(Florkin, in 
Wigglesworth 18 ) 
(Florkin, in 
Wigglesworth") 
silkworm (spinner) 
(Florkin, in 
Wigglesworth") 
silkworm (emerging) 
(Florkin, in 
Wigglesworth") 
Prochordates 
Phallusia 87 
Vertebrates 
Petromyzon" 
Scylliorhinus 87 
dogfish 10 
Cyprinus* 7 
Barbus 87 
Buffi 87 
liana 87 
Rana* 
newt 10 
salamander 87 
Testudo graeca 87 
Lacerta 87 
Anguis 87 
Trepidonotus 87 
Callus 87 
chicken 10 


Few electrophoretic studies have been made on the blood of invertebrates, 
but in some Crustacea several components of different mobilities have been 
observed. 48 > 48 The rates of electrophoretic migration of the albumin of eggs 
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of various birds and of the hemoglobins of birds and mammals differ by a 
factor of two at most; this species difference in mobility is much less than the 
immunological differences among proteins. :t “ 

Sedimentation of Proteins. Another method of separating blood proteins 
is sedimentation by high-speed centrifugation. Velocity of sedimentation 
depends on the weight and shape of the protein molecules, Centrifugal separa¬ 
tion has been applied particularly well to the respiratory pigment proteins, w 
The chemistry of these pigments is discussed in Chapter 9. From the sedi¬ 
mentation data it is possible to calculate the molecular size of large proteins. 
For example, the hemoglobin molecule is similar in size in mammals, birds, 
and fishes (m.w. about 68,000), is slightly larger in amphibians and reptiles, 
and is less than half as large in cyclostomes (m.w. about 20,000) (see Table 
51 in Chapter 9). Among invertebrate animals the hemoglobin molecules 
which are free in the plasma are large (m.w. > 900,000), whereas those in 
corpuscles are small. The copper-containing pigment liemocyanin always 
occurs free in the plasma, and its molecular size varies greatly among different 
species. In general, the molecules of molluscan hemocyanins are. very large 
(m.w. > 2,000,000). Those in arthropods are smaller and often separate into 
several layers in the centrifuge, each heavier one corresponding to a multiple 
of a smaller unit (Table 52, in Chapter 9). The blood pigments of inverte¬ 
brates, both hemoglobins and hemocyanins, show greater specific ■differences 
in size than do vertebrate hemoglobins. 

Serum proteins of some mammals, particularly of man, have been studied 
by sedimentation and by a variety of other physical techniques. M1, 11 • 18 
These globular proteins are shown to be elongate, all being similar in width 
but differing greatly in length (Table 17). 

Crystal Structure: Hemoglobins. Hemoglobins from different species have 
been separated on the basis of the characteristics of their crystals as obtained 
by evaporation after lysis by ether. It has been claimed 40 that the crystals 
of closely related species are more nearly alike than those of distantly related 
species. Some exceptions to.classical taxonomy are noted. The hemoglobin 
crystals of the sea lion are similar to those of the hears, and the hemoglobin 
crystals of seals resemble those of the otter; those of the guinea hen show 
more resemblance to those of the ostrich than to those of other members of the 


TABLE 17, SIZE OF BLOOD PROTEINS 


Protein 

Mol.wt. 

- ~y— 

length, A 

width, A 

human serum albumin 

69,000 

150 

38 

human serum globulin 

156,000 

320 

3fi 

human serum fibrinogen 

500,000 

900 

33 


Gallinae. However, the form of the hemoglobin crystals depends on such 
factors as the amount of salt present when crystallization occurs, and one 
species may show one or several crystallographic types. Hence specific differ 
ences in hemoglobin crystals have not been much used by systeiuatists in 
recent years. Specific differences in hemoglobins are also shown by lack of 
addition of solubilities of the pigment from unrelated animals. 1,1 

Immunological Specificity of Proteins. Far more sensitive, than preceding 
physical methods as indication of differences among serum*and tissue proteins 
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are immunological reactions. The y-globulin fraction of serum proteins 
contains antibodies of many sorts, natural and acquired, which are highly 
specific in their reactions with other proteins, with foreign blood cells, and with 
bacteria. 

Most proteins and some polysaccharides can act as immunizing antigens, 
in that, they can induce the production of antibodies in animals whose circu¬ 
lating fluid does not contain the same protein or polysaccharide. The anti¬ 
bodies produced react with their specific antigens, causing agglutination of 
cells, lysis of cells, or precipitation of foreign proteins. Immune reactions of 
mammals are discussed in textbooks of immunology. 7 Development of anti¬ 
bodies, such as agglutinins, lysins, precipitins, or others, is important in defense 
against infectious agents. Immunity reactions are best known in mammals, 
but they have been studied in most groups of animals. Among invertebrates 
many examples of natural immunity are known. Caterpillars and other insects 
have been successfully immunized against pathogenic organisms, 27 although 
failure to produce antibodies is reported in echinoderms, annelids, and mol¬ 
luscs. Phagocytosis is an important immune process in invertebrates and is 
shown by many types of cell. 

Naturally Occurring and Immune Agglutinins. The sera of various verte¬ 
brates normally contain agglutinins that act on the red blood cells of certain 
other species or on the red cells of certain groups of individuals of the same 
species but of nonhomologous strain. A fraction of a milliliter of serum from 
a fish injected into a rabbit may cause the death of the rabbit, owing to cell 
agglutination. Landsteiner 30 has used agglutination to separate the blood 
types among humans into four groups, 0, A, B, and AB. Each individual 
contains in his serum the natural antibodies for the antigen types which are 
absent from his erythrocytes. Thus transfused red cells are agglutinated by 
serum antibodies of different type from the cells. The chimpanzees, gibbons, 
and orangutans 23,30 ’ 33 can each be classified under two of die human types, 
whereas in the old world monkeys, Cercopithecediae, no agglutinogens of 
human types are found, and in new world monkeys, Platyrrhina, and lemurs 
there is one blood type which is similar to type B in man. 

In addition, there are two antigens in human erythrocytes, M and N, for 
which there are normally no antibodies; the distribution of M and N antigens 
is hereditary and independent of the A and B antigens. A third antigen, Rh, 
occurs in erythrocytes, and Rh-positive red cells can induce the production of 
Rh antibodies in a person negative for the Rh factor. This antiserum can then 
cause agglutination, followed by hemolysis of Rh-positive cells. When the 
three classes of hemagglutinogens, each independent of the other, are con¬ 
sidered, the total number of genetic blood types is large; furthermore, sub¬ 
groups are known. The three factors are distributed genetically, and certain 
races display characteristic combinations. Agglutinating factors in the blood 
of various species of mammals and birds areffavorite subjects of genetic studies. 

Besides the agglutinins whichdump red blood cells, there are agglutinins 
for other blood cells and for'sperm. These have been found not only among 
vertebrates but also among invertebrates. For example, serum of the spiny 
lobster, Panulirus interrupts, contains at least ten heteroagglutinins for sperm 
or blood cells of a variety of species. 45 > 46 These agglutinins occur in serum 
proteins other than hemocyanin. Cross adsorption tests, as used by Land¬ 


steiner and others, aid in defining a particular agglutinin group; adsorption 
on cells (blood or sperm) of any one species removes the agglutinins for other 
species of the same group but not for more distantly related groups, The 
seminal fluids and body fluids of various invertebrates contain natural heteroag¬ 
glutinins for sperm and for vertebrate red blood cells. u 

Immune Precipitins. The immunological reactions most widely used in 
indicating degree of difference among specific proteins of different species are 
precipitin tests. Nuttall 39 applied precipitin tests to sera and egg albumin 
from many species of vertebrates and indicated the usefulness of the test in 
taxonomy. A standard procedure at present is to build up antibodies in a 
rabbit by injecting known amounts of an antigenic protein. The rabbit serum 
is then mixed with the protein to be tested, and the maximum dilution of this 
protein giving a precipitate is noted. Homologous serum or egg albumin, that 
is, protein from the same species as the antigen, gives a maximum precipitate, 
and more distant taxonomic relations tend to be indicated by less precipitate, 
Results express the greatest dilution for heterologous precipitate as percentage 
of the threshold for the homologous reaction (titer), To be highly significant, 
reciprocal heterologous tests should be performed, that is, test of antiserum x 
against antigen y, as well as test of antiserum y against antigen x. Unfortu¬ 
nately, reciprocal tests are not always in close agreement. Quantitative measure 
ments of the precipitate are made with a turbidometer, by a “ring test,” or by 
measuring the change in nitrogen concentration after precipitation. Detailed 
descriptions of methods, and reviews of the literature are given by several 
authors. 8 - 9 ' 11 ' 12 ’ 18 ' 01 

Precipitin antibodies can be built up against other tissue proteins besides 
the blood globulins. Such antibodies show some species and organ specificity. 
Proteins of the lens of the eye have antigenic components which are very 
similar, even in different classes of vertebrates. 20 Proteins which are indis¬ 
tinguishable chemically can be separated immunologically. 

The degree of similarity of serum proteins among species of mammals as 
indicated by serological reaction agrees well with taxonomic relationships. 
Sheep blood is close to that of beef, farther from that of pig and horse, and 
very far from that of dog. 9 The superfamilies of rodents are separated readily, 
families and sub-families less readily. 36 The chicken is close to the turkey, 
farther from the guinea hen, and still farther from the duck, as indicated by 
reactions of either serum proteins 19 or egg albumin. 34 In the ovalbumin 
the protein responsible for homologous reaction differs from the protein respon¬ 
sible for heterologous precipitation. 34 In the genus Rana the species cates- 
biana and clamitans are close serologically, whereas pipiens is distant, 111 
Among urodeles the primitive genus Cryptobranchus is far from Amphiuma, 
Siren, and Necturus , and these latter genera are nearly equally separated 
(Fig. 27). 

The relations among prochordates and other invertebrates have been exam¬ 
ined by comparing precipitin titers for several antibodies with proteins from 
a wide variety of animals. 48 The percentages of heterologous titer are low 
between ascidians and balanoglossids, but these titers are higher than between 
either of these groups and any other phylum. On the basis of such comparison 
the prochordates are more closely related to echinoderms than to polychaetes 
and to Phascolosoma. Polychaete antisera give low reactions to ascidians and 
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eehinoderms, medium reactions to Limuks, and high reactions to other anne¬ 
lids. Molluscs (gastropods and pelecypods) are closer serologically to annelids 
than to arthropods. 50 The principal antigenic protein in crustacean blood is 
hemocyanin, 45 and the antibodies react with proteins of other arthropods but 
not with those of molluscs. 10 The crab Pseudocarcinus gigas is related, accord¬ 
ing to the precipitin test, to four other genera of crabs (Brachyura) but not to 
Palinurus, the Astacura, or Anomura. 15 Relationships among orthopteran 
insects have been investigated by reciprocal serological tests on equivalent 
amounts of tissue proteins. 35 The four families are about equally separated, 
the average interfamily ratio of heterologous to homologous titer being 11.5 per 
cent, the average intergeneric ratio among grasshoppers (Acrididae) being 



CRYPTOBRANCHUS 


Fig, 27, Relative serologic relationships of four urodele amphibians. 

From Boyden and Noble,” 

28 per cent and the ratio between two species of the genus Meknoplus being 
54.7 percent. 

Antisera for Cuticular tissue of three species of Ascaris parasitic in mammals 
react indiscriminately among the three antigens but not with the cuticle of 
an avian Ascaris, 14 Acanthocephala appear to be related serologically to the 
Platyhelminthes but not to the Nernathelminthes, although some precipitin 
reaction occurs between the Platyhelminthes and Nernathelminthes. 22 

The preceding examples are sufficient to indicate the importance of applying 
immunological reactions to the proteins of comparable tissues from different 
animals as a test of taxonomic relationship. Why should the antigenic proteins 
of one species or phylum have such structural similarity that they react recipro¬ 
cally with their antisera but not with antisera of more distantly related animals? 
The answer to this question remains one of the unsolved subtleties of protein 
structure. 
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Permeability of Erythrocytes. Another approach to the chemical differences 
among species is found in the permeability of red blood cells. The permeability 
of red cells to various organic molecules has been studied by measuring the 
swelling and ultimate hemolysis in an isotonic solution of the material to be 
tested, Table 18 shows the permeability of different mammalian erythrocytes 
for ethylene glycol, glycerol, and erythritol. This table shows that there are 
marked species differences in permeability to these substances and that the 


TABLE 18. PERMEABILITY OF RED BLOOD CORPUSCLES “ 
Time required for 75 per cent hemolysis in various media, 
in seconds unless otherwise'stated. 



0,02 M NaCl 

0.02 M NaCl + 
0,3 M ethylene 
glycol 

0.02 M NaCl + 0,02 M NaCl + 

0.3 M glycerol 0.3 M erythritol 

Rat 

4.2 

6.6 

10 Vi to several hours 

Mouse 

3.0 

8.6 

39 less than 5 minutes 

Rabbit 

3,0 

11.3 

80 6-18 hours 

Guinea Pig 

5,0 

15,7 

196 

Man 

8,35 

32.6 

43 

Dog 

6.1 

28,6 

1548 

Gat 

2,65 

18.3 

1222 

Pig 

3,0 

16.7 

1024 

Ox 

3.8 

35.1 

2325 Over 24 hours 

Sheep 

1.9 

24,1 

1623 


permeability to water, as indicated by swelling of cells from different species 
in hypotonic Nad, is unrelated to the permeability to the organic substances. 
These striking species differences in permeability reflect differences in the 
composition of the plasma membrane of the erythrocyte. 

CONCLUSIONS 

The proteins of an individual animal present a vast .array. They can be 
separated by chemical and physical means as fibrous and globular, primarily 
structural and metabolic. The globular proteins, particularly those of blood, 
have been separated according to their electrophoretic mobilities. The proteins 
of one electrophoretic class, for example the hemocyanins or hemoglobins, exist 
in different molecular sizes as shown by sedimentation in a high-speed centri¬ 
fuge; they may also differ in crystal form. 

The most sensitive tests available lor differences among proteins of similar 
function and occurrence are immunological, Antibody-antigen reactions prob¬ 
ably have the same sort of basis in molecular structure as has enzyme specificity, 
Antibodies are built up in response to the antigens of a particular species, and 
will react with those antigenic proteins (by agglutination or precipitation) but 
not with the proteins of species distantly related to the original one from which 
the antigen was obtained. One basis of taxonomy may, therefore, be stereo¬ 
chemical, It is possible that equally important specific differences exist among 
polymerized nucleic acids as among proteins. Antigenic specificity of serum 
proteins represents one set of characters which can be used along with other 
chemical and morphological characters to study relationships among animals. 
Relations within animal classes and phyla have been corroborated, as have the 
relations of eehinoderms to prochordates, and of acanthoccphalans to llatworms. 
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p .'"Animals differ greatly in their capacity to alter their diet, 

/ 1 to convert compounds of one class to another, and to syn* 

/ ■ thesize specific compounds which are essential for cellular 

metabolism. What is a vitamin for one animal may not be a dietary require¬ 
ment for another. It has frequently been pointed out that the amino acids 
which constitute proteins are the same in all organisms, although the propor¬ 
tions vary from one protein to another, and also that the coenzymes of gly¬ 
colysis and cellular respiration, such as the phosphopyridine nucleotides, are 
similar in all cells. There is variation, however, among animals as to which 
amino acids and which coenzymes can be synthesized, and which must lie 
taken as food. Also some particular food ,requirements are associated with 
physiological specializations of certain animals. Substances needed for specific 
cellular reactions may be obtained by an animal in two ways; they may be 
synthesized by the organism, or they may have to be taken in its diet. Some 
substances may be synthesized by an animal but in insufficient amounts for 
cellular needs; hence these are required in the diet of the organism, Some of 
the specific mineral requirements of animals have been mentioned in Chapter 
3, page 94. Salt mixtures have been worked out empirically for several 
groups of animals, particularly for rats. These provide the essential elements 
which must he added to the diet in nutrition studies. 

In this chapter we are concerned principally with the requirements for 
organic compounds. No attempt will be made to encompass the vast litera¬ 
ture regarding food preferences and regarding the biochemical action of specific 
substances; these are regularly reviewed in the Annual Review of Biochemistry, 
in Nutrition Reviews, in Vitamins and Hormones, and in other review series; 
they are also summarized in nutrition texts. 127 In the following account 
references are omitted for many statements which are taken from nutrition 
texts. 

ORIGIN OF NUTRITIVE TYPES 

Carbon compounds are stores of energy, and energy is required for their 
synthesis, How such stores came to be established, their relation to the origin 
of life, the primitive kinds of energy-yielding reactions, and the nature of the 
carbon compounds which ultimately resulted in living organisms are of 
fundamental importance. Certainly most important biochemical evolution 
occurred prior to the existence of any organisms such as are now known. 

Organisms fall into three classes with respect to the source of energy used 
for synthetic processes: (1) chemotrophic Organisms (largely bacteria) get 
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1C compounds of varying degrees of comnlexi^r ° r8 f nisms 0xld,ze or ff an * 
lower fatty acids such as acetate, but most of th/m S °T leterotr °P hs can use 
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protozoans are ultimately dependent on nhoiolm 1 T P ‘ f® ? g ' hte 
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required by heterotrophic organisms. P ° r83nisms P recede and are 

«*«* originated, It * 

were formed by chance combination Ur 

isms, and that the first organisms were really hotemfroT* • ‘™ 8 0 ' 8an ' 
compounds. Then, as 

anisms which appeared hv nint-.io,., .. ^ ’ T n . iesizm 8 mech- 


—f which appeared by mS a J tS 8 "t 

orgamsms evolved from hetero-metatrophic ones. Them are difficulfcwMh 

"2Ss5=a3asr» 


Nitrogen Source 


Autotrophic 

NO* 


Mesotrophic 

(single 

amino 

acids) 

Meta trophic 
(peptones, etc.) 


Chemotrophic 

” JUAUMVUJU, IjW( 

Phototrophic 
(CO* in light) 

Chilornonas par, 
(if Si) 

Euglena gracilis 
(if Mn) 

E. stellata 

E. klebsii 

Chlamydomonas 

Chlorogonium 

E. anabaena 


E. deses 


E. pisciformis 


Heterotrophic 

(acetate) 

Polytoma ocellatum 


P. uvella (if Fe) 
Chilornonas par, 
Polytomella 
E. gracilis (in dark) 
Astasia 

Chlamydomonas 
(in dark) 

E. gracilis (in dark) 

E, gracilis (in dark) 
Glaucoma piriformis 
Leptomonas 
ctenocephali 
Colpidium striatum 


this hypothesis, such as the small amount of atmospheric oxygen present before 
there were green organisms. Whatever the sequence, certainly the basic cellu¬ 
lar needs, particularly for amino acids and coenzymes, were established very 
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early, and heterotrophic animals were derived from autotrophs, perhaps from 
pigmented flagellates (chlorophytes). 

The carbon and nitrogen requirements of many bacteria and flagellates 
have been examined. 2S> 8 "> ® 2 - 8il - 121 In general, the ability to use light or 
inorganic reactions to provide energy for C0 2 reduction goes with the ability 
to use nitrate or ammonia (rarely atmqspheric nitrogen), Conversely, organ¬ 
isms which require fatty acids or sugars as carbon sources also need amino 
acid nitrogen. However, among flagellates such as the genus Euglena there 
are exceptions (Table 19). An organism which can use simple nitrogen or 
carbon sources can also use more complex sources; one which can use nitrate 
can also use ammonia and amino acids. Only a few phototrophic organisms 
require amino nitrogen, and only a few protozoans which require organic 
acids or sugars for carbon can use nitrate or ammonia; many yeasts are in the 
latter category. 

CARBON REQUIREMENTS 

Phototrophic green flagellates (chloroflagellates) reduce C0 2 directly in 
light and use organic acids or sugars for energy in the dark. The rate of photo¬ 
synthesis is affected by the hydrogen ion concentration and the inorganic 
elements in the medium. Euglena stellata, for example, requires a high con¬ 
centration of calcium. 2U There is some disagreement regarding the forms of 
nitrogen required by various flagellates, largely because of differences in min¬ 
erals in culture media, strains of. species, and other conditions, 28 

It has been postulated that colorless flagellates, leucophytes, were derived 
from chlorophytes by the loss of chlorophyll from their plastids. The leuco¬ 
phytes and the chlorophytes in the dark can use organic acids, particularly 
acetic to myristic, and some can use alcohols which are first converted to the 
corresponding acids. Pringsheim 111 described the culture of some twenty 
different leucophytes on acetate. The effects of various organic acids on 
growth of flagellates were summarized by Trager. 338 Polytoma uvella uses 
acetate or butyrate but not sugar. 62 The colorless alga Prototheca uses satur¬ 
ated fatty acids up to palmitic, except formic acid; it does not use dicarboxylic 
acids but can use some alcohols. 7 Sugars are used by many flagellates. 
Trypanosoma brucei, for example, ferments sugars in the following series: 
glucose > mannose > maltose > fructose > galactose, but does not ferment 
arabinose, xylose, lactose or sucrose. 14 Differences in sugar utilization may 
result in part from enzymatic differences and in part from limited permeability. 

Chilomonas paramecium is a colorless flagellate which has remarkable 
powers of synthesis. It multiplies well, dividing three to four times daily in a 
medium of acetate or glycine as the only carbon source; it grows better with 
thiamine and iron than without them, Sulfur stimulates fission, and in the 
absence of sulfur fat accumulates and the culture eventually dies out. It has 
been claimed by some authors, 17 ' 88 - 8 »' «<>. but not by others, 61 that 
Chilomonas can also grow in the dark with C0 2 as its sole source of carbon; 
growth under these conditions is less than in acetate and a trace of silicon is 
necessary. There is an optimal C0 2 tension and bacterial contamination has 

been excluded, also possible oxidation of ammonia. 

It is probable that true protozoans were derived from leucophytes. Some 
Protozoa are unable to survive on organic compounds in solution, but rather 
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they require particulate food, dead or alive. The carnivores Stylonychia 
pustulata and Pleurotricha lanceolata, for example, need live Protozoa as food, 
in addition to some vitamins. 80 Amoeba proteus grows well on Chilomonas 
but not on Paramecium as food, whereas Amoeba dubia seems to need chloro¬ 
phytes. 147 Whether the need for live food represents need for particular 
compounds as carbon source or for some special growth substances is not 
known, Holotrichous dilates of the Colpidium-Tetrahymena group can ob¬ 
tain their food from solution. Tetrahymena geleii can use some sugars and is 
stimulated by acetate, whereas some fatty acids are toxic; it can ferment dex¬ 
trose, levulose, mannose, and maltose, but it cannot ferment some thirteen 
other sugars and cannot use sucrose, 611 
The salts of fatty acids, together with necessary amino acids, can supply 
some of the carbon needs of multicellular animals. Certainly the monosaccha¬ 
ride sugars are adequate, and numerous adult insects live exclusively on a 
diet of sugars. Adult honeybees can survive on any of seven sugars which 
are sweet to the bee and six which are tasteless, but they cannot use live others 
which are tasteless. 144 Blowflies can live on <rglucosides and «-galactosides, 
but not on other glycosides. 38 The waxmoth larva (Galleria) has no need for 
carbohydrate but can grow and metamorphose on a diet of beeswax, Fatty 
acids are formed by the action of the symbiotic bacteria and protozoans in 
termites and ruminants; these fatty acids are absorbed and used as a principal 
carbon source (see Chapter 6). Acetate can be substituted for part of the 
carbohydrates in the diet of a rat. It is difficult to see how an organism which 
obtains its energy by oxidation via the Krebs tricarboxylic acid cycle (see Fig. 
63, Ui, 8Jcould survive long without a carbohydrate source of pyruvic acid. 
However, this minima! carbohydrate can lie formed from protein, and rats can 
survive on a diet of protein and minerals only, Acetone bodies, however, are 
formed when protein is substituted for carbohydrate. Fatty adds can serve as 
sole carbon source for some leucophytes, but in all other animals fatty acids 
are used only along with sugars, although protein can be substituted as a 
sugar source. Caloric requirements of animals will be considered in Chapter 8. 

NITROGEN REQUIREMENTS 

There is a general relation between utilization of carbon and nitrogen com¬ 
pounds, as shown in Table 19. Any organism which can use an inorganic 
source of nitrogen to build its own amino adds can also use the more complex 
nitrogen compounds. Ihe simplest usable nitrogen sources have been exam- 
med for several phototrophic and heterotrophic flagellates. 2 "- 83 Nitrates 
can be used by Eug! em gracilis, E. stellata (if much Ca is present), and E. 
msn, whereas ammonia but not nitrate can be used by E. mahem. Engle™ 

. s £• mfamts is said to grow only if nitrogen 

IS supplied ,n the form of peptones or polypeptides. It is not blown whether 
tlus need of E psafomis is for some growth substance in the peptones or for 
a particular combination of amino acids. Some microorganisms require specific 
polypeptides (e.g., strepogenin), Growth of several species of Euglena in dif- 
terent single amino adds is shown in Table 20, and it appears that some amino 
acids, such as tyrosine and tryptophane, are nor adequate nitrogen sources 
even for species that can use ammonia or nitrate. It would be of interest to 
test these mesotrophic and metatrophic species of Euglem in amino add mix- 
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lures, Some other ehlorophytes (e.g. Chltmiyiltmmasjr .an use nitrates in the 
dark, and some colorless organisms such us Pnlyknm wrllatum which are 
restricted to organic acids (acetate) for curiam can use nitrates, whereas some 
others (Polytma, Chikmmas) can use ammonia lor their nitrogen. The 
requirements of ehlorophytes may b more complex in the dark than in the 


TABLE 20, GROWTH OF SWEHAl SIMMS W FIIUIIAA 
IN SINGLE AMINO AtlM" 


indicates growth; () indicates no growth; f j intliatts much growth 



light; Chlamydomonas uses nitrate in light, amino acids in the dark, Eugkm 
gracilis, which is photo-autotrophic, cart grow in the dark, provided acetate 
is supplied, and it then can use peptones, " or even ammonia, *» while E 
deses is said not to grow in the dark even with peptones and acetate. M '1'here 
must be some enzymatic connection between the utilization of carbon and 
that of nitrogen, 

All autotrophic organisms can synthesize each of nineteen generally «• 
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TAHtEJI. 

ESSEN i Lit. AND DIM'Nmu: AMINO At MX WHEN AMINO ACU) 
MIX LUlil S EHOVIOE AN ANIMAL'S NUWUEN SUPPLY 

? litilli .(!>•, f Mllli.ll. UtilisytK 1 * tlotmt'UIld 



t Phenylalanine and tyrosine not buih needed, either one stiflit lent for .dr,ho, 
1C umihnr on wUmuic l*«r arginine hit Aidttt, 
lUynne and gluumK acid needed hit maximum growth chicle 
! : l fwiine needed if phenylalanine bw-dbkk, rot, man. 

•Arginine needed for growth, not for nwintenance-fat, 

"’Cyitlrie needed only if methionine fow-rot, roan. 
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curring amino acids, whereas animals in general (except flagellates) have lost 
the ability to synthesize some of these. The amino adds that art' required in 
the diet of several kinds of animals are surprisingly similar (Table 21). Differ¬ 
ent amino acids are apparently needed not specifically for the nitrogen they 
provide but for their molecular skeletons. For each animal amino adds fail 
into three groups: (1) the amino acids that ant not synthesized and are, there¬ 
fore, required in the diet; (2) the amino acids that can lx* synthesized from 
ammonia and carbohydrate; and (3) those that are synthesized from specific 
essential amino add precursors. Using the growing rat as an example, the 
amino adds required in the diet are: 


CH* CH* 

\h 

CH* cii, 
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j 

CH-NH, 
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COOH 


j 
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Necessary for growth. 
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\ 
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J-NH 
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CH-NH, 

! 

! 

CH-NH* 

cogh 




COOH 

methionine 

histidine 


I he amino acids synthesized by growing rats from carbohydrate and am- 
monia yielding eumpmtmls stu b as other amino acids are , 
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Those which arc synthesized from specific amino acids are: 
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cystine (from methionine) tyrosine (f»m phrmyklmine) . 

The interaction! among amino adds are important, and reported inhibition 
of growth by certain amino .acids is probably really due to lack of Wince 
among .antagonist!,: An amino acid which It. synthesized km .mother, one 
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becomes a dietary requirement only when there is a deficiency of its precursor. 
Several amino acids, such as citrulline- and diiodotyrosine, are of limited oc¬ 
currence and are not building units of protein; hence they differ from the basic 
nineteen amino acids named above. 

The ciliate Tetrahymena geleii strain Whas been cultured in mixtures of 
amino acids and no persistent growth occurs if any of the following is omitted: 
isoleucine, leucine, lysine, methionine, phenylalanine, tryptophane, valine, 
histidine, threonine, and arginine (Table 22). Methionine can be replaced 
by homocystine as a sulfur-containing amino acid. 73 For most effective 
culture either serine or glycine is also necessary: these probably are not re¬ 
quired for synthesis of the organism’s proteins, but rather release the growth 
inhibitions imposed by some of the other amino adds. The interactions among 
various amino acids are complex; cystine, glycine, and serine stimulate growth, 
whereas alanine, aspartic acid, glutamic acid, hydroxyproline, proline, and 
tyrosine in excess inhibit growth, but the stimulators can release the inhibition. 


TABLE 22. 

TETRAHYMENA GELEIl-MEDIUM USED BY KIDDER AND DEWEY 10 ' 71 



7 per ml. 


7 per ml. 

L-Arginine HC1 

83 i 

Sodium acetate 

1000 

jp—Histidine HC1 

36 

Ca pantothenate 

0.10 

DL-Isoleucine 

113 

Nicotinamide 

0.10 

L-Leucine 

147 

Thiamine HC1 

1.00 

L-LycineHCl 

116 

Riboflavin 

0.10 

DL-Methionine 

94 

Pteroylglutamic acid 

0.01 

1,-Phenylalanine 

70 

Pyridoxine HC1 

2,0 

DL-Threonine 

138 

Biotin (free acid) 

0.0005 

L~Tryptophane 

28 

Choline Cl 

1.0 

DL-Valine 

76 

Protogen 

0.375 

DL-Serine 

157 

Yeast nucleic add (hydrolyzed) 

100 

L-Glutamic acid 

233 

MgSOi.7H s O 

100 

L-—Aspartic acid 

61 

KsHPOi 

100 

Glycine 

5 

CaCl 2 .2H»0 

50 

DL-Alanine 

55 

Fe(NH 1 )j(SO02.6HsO 

25 

i-Hydroxyproline 

75 

CuCh,2H 2 0 

5 

1,-Tyrosine 

67 

FeCl„6H a O 

1.25 

L-Cysteine 

3.5 

Mn a. 4H a O 

0.05 

Dextrose 

1000 

Zn Cls 

Tween 85 

0.05 

500 


Also there are strain differences in growth on mixtures of the essential amino 
acids and strain E appears to require serine. 20a Thus, it appears that, al¬ 
though some flagellates can live well on single amino acids, some ciliates 
require mixtures comparable to those required to support mammals . 

Several insects^have been grown on mixtures of amino acids as the nitrogen 

but not normal growth in a mixture of eleven amino acids (Table 21); phenyl- 
a anine and tyrosine are interchangeable, but if both are omitted no growth 
occurs; also citrulline can be substituted for arginine. 48 Growth of Drosophila 
larvae on. an amino acid mixture has been reported. 124 Carpet beetles have 


rats, except SuUeche mount'oflrdninTh’ 6 ” ““l "T™* by 

a mixture of twenty amino add™ (fe ) the !: g* J“" ” 

at about half the normal rate in ami™ ,-j Th coc1 ™^ Stella grows 

add rCqUirements ofmamma ls have been carefully investigated 

a'aafssfffl 

needed for maintenance of adults, but L the Z teS^t 
addTwheraf* f 1 ” 0 

lKS Wi ‘ h high caloties ’ M™requXmos^ 

the essential amino acids in amounts varying from 0.25 to 1.0 gm, per day 
hence recommended amounts are 0.5 to 2.5 gm. per day. In generallamino 
acids cannot be substituted for L-amino acids, although some § of the phenyl- 

ofTfi 116 ^ an b e in the D-form. 115 The amino acid requirements 

of the chick differ slightly from those of mammals (Table 21). (Line and 
arginine are required; citrulline but not ornithine can be substituted for 
arginine; and tyrosine is needed if the ration is low in phenylalanine. 3 > *>. 6 

that e f nitr °f n rec l uirementof young growing animals is much greater than 
ha of adults. In man an in ant requires four to five times as much as an 
adult on a unit/weight basis. A trout needs 14 or more per cent of protein in 
its diet for normal growth. 3 Calves fail to grow on a diet containing only 

!d P L Cei * pr0tem ’ but W , hen urea is added t0 § ive nitrogen equivalent to 
about 16 per cent protein they grow well, presumably by conversion of urea 
to protein by the symbiotic microorganisms in the rumen. 53 . 81 Rats can use 
glycine, urea, and even ammonium salt for nitrogen if minimal amounts of 
the essential amino acids are supplied, and the conversion does not depend 
on intestinal organisms. 116 

Autotrophic organisms can use inorganic sources of nitrogen, such as nitrate 
ammonia, and sometimes atmospheric nitrogen, but with metabolic evolution 
tbe abilities of synthesis decreased and specific amino acids are required by 
abates and probably by all metazoans. Claims for requirements of peptones 
and whole proteins cannot be accepted until extensive tests with balanced 
mixtures of amino acids are made, The specific amino acid requirements 
differ somewhat for various animal groups, but the ability to use exclusively 
inorganic sources of nitrogen was lost early in animal evolution. Possibly 
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utilization of urea and ammonia may occur in many metatrophic animals when 
they are supplied with minimal amounts of the essential ammo acids. 

SPECIFIC FACTORS IN NUTRITION 

A vitamin is an organic compound which must be supplied to an organism 
in small amounts and which is used in specific ways other than as an energy 
source or as a basic structural unit, although it may be incorporated as a 
prosthetic group into a structural protein. Essential amino acids are usually 
needed in slightly greater amounts than vitamins and are used primarily as 
structural units in the building of protein; hence they are not vitamins. Some 
vitamins are synthesized and distributed like hormones, but the vitamins 
which are synthesized by animals are formed only from closely related sub¬ 
stances (sometimes called provitamins), whereas hormones can be formed 
from the basic foodstuffs. More vitamins are required for growth than for 
adult maintenance, and what is a vitamin for one animal may not serve for 
another, or it may be synthesized by another animal. Vitamins are discovered 
by omitting various fractions from an animals dietary and observing effects 
of the deficiencies on growth, blood cell count, and skin appearance, and 
sometimes pathology at the time of death. These criteria of deficiency are 
many steps removed from the sites of cellular reaction, and recently a few 
vitamins of the B complex have been shown to act as coenzymes in certain 
metabolic reactions. Also the assay of foods for specific vitamins is facilitated 
by the need of certain microorganisms, bacteria and yeasts particularly, for 
vitamins. Yeasts and bacteria have a remarkable ability to synthesize most of 
the water-soluble vitamins, yet certain species and strains are unable to syn¬ 
thesize specific single ones, and thus they can be used for assay of these sub¬ 
stances. For purposes of classification, vitamins can be divided into two groups; 
those which are water soluble, and those which are fat soluble. 

Water-Soluble Vitamins: Thiamine (Vitamin Bj). The first B vitamin to 
be discovered was thiamine, active in preventing beriberi in man and poly¬ 
neuritis in birds. Thiamine as diphosphothiamine occupies a key position in 
cellular metabolism as cocarboxylase, the coenzyme in pyruvate oxidation. In 
all animals thiamine promotes growth, and at least in mammals its lack reduces 
appetite. 

Thiamine is widely distributed in plant and animal tissues, and probably all 
rplkj whether aerobic or anaerobic, require it. Unlike other B vitamins it is 
readily destroyed by heat. The thiamine molecule consists of two parts, a 
pyrimidine and a thiazole moiety: 


NH, CH, 

N = cr C = C - CHa - CHsOH 

/ \ +/ I 

CH.-C C-CH.-N. 


pyrimidine *f" thiazole = thiamine 
Thiamine stimulates the growth of many unicellular organisms, even where 
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added thiamine may not be necessary for maintenance and for low-level 
growth. CMomonas paramecium, for example, grows slowly in an acetate- 
ammonia medium; addition of thiamine more than doubles the multiplication 
rate, and addition of thiamine plus iron increases it by more than five times. 38 
It is, therefore, not indispensable in the diet for CMomonas, but it is needed 
tor optimal growth A number of versatile organisms-bacteria, mold, and 
nagellates-can synthesize both the pyrimidine and the thiazole rings, and 
from these the intact thiamine molecule (Table 23). Some require either the 
pyrimidine or the thiazole from outside, others need both the pyrimidine and 


F0R th1a mine AND ITS COMPON1 
PYRIMIDINE AND THIAZOLE (MODIFIED FROM LWOFF 83 ) 
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Bacteria 

Proteus vulgaris 
Escherichia ct'i 
B. coli 

Staph, aureus 

Molds 

Aspergillus niger 
Mucor mamamianus 
Phycomyces blakesleanas 
Phytophthora cinnamoni 
Colorless Flagellates 
Polytoma obtusum 
Polytoma uvella 
Polytoma caudatum 
Polytoma ocellatum 
Polytomella caeia 
Euglena pisciformis 
Chilomonas paramecium 

Strigomonas sp. 

3 trypanosomes 
Protozoa 

Acanthamoeba castellani 
Colpidium striatum 
Colpidium campylum 
Glaucoma 


the thiazole, and finally many Protozoa and some molds need the intact 
thiamine molecule, as do all multicellular animals which have been investi¬ 
gated (Table 23). Thiamine stimulates division of Tetrahymena but is not 
a dietary requirement if D-amino acids are present in the medium. n > 77 Table 
23 shows that with increasing specialization among Protozoa the ability to 
synthesize and to unite the two components drops out first, then the ability 
to synthesize one or the other half, and finally the whole molecule is required 
from outside. 83 - 85 

Thiamine is required by all those insects and vertebrates which have been 
tested. Mosquito larvae grown on foods in solution need thiamine, 0.0008 
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mg./ml, 143 Rainbow trout foil largely on canned carp devuluped mulfuncticu 
of the nervous system and melanosis, which were cured bv intramuscular 
injections of thiamine. l ' m The dietary need for thiamine by trout is 0.15- 
0.186 nig./kg./day. Man requires abut 1,11.5 mg. daily. Many animals 
have in the digestive tract microorganisms which synthesize thiamine, and the 
dietary needs may therefore Ire less than the actual metalxdic needs. Much 
thiamine is synthesized by microorganisms in the rumen of sheep ami cattle; 
hence these animals do not require thiamine in their diet, Calves reared on 
synthetic milk do not have rumen microorganisms ami require dietary thia¬ 
mine. 

Raw fish contains a substance which destroys thiamine, so that when raw- 
fish, particularly viscera, is fed to foxes or t hickens rn these animals develop 
nerve and liver symptoms of thiamine deficiency, T he active agent in the 
fish appears to he an enzyme or thiaminase which can destroy thiamine in 
vitro, 7H How the fish are protected from losing their own thiamine is un¬ 
known, 

Riboflavin (Vitamin lb), RilxtHavin is needed in the prosthetic group of 
flavoprotein enzymes which act in cellular respiration between dehydrogenases 
and either oxygen or cytochrome. Riboflavin is a constituent of Warburg's 
"yellow enzyme," xanthine oxidase, nummo acid oxidase ami evtothrome 
reductase, Riboflavin is an alloxazine derivative: 


tu ft iiuii. ai,on 
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Riboflavin is synthesized by many micUHirganisms, yeasts, bacteria, and 
probably flagellates. It stimulates multiplication of Chilmmmm hut is not a 
dietary requirement. 105 Riboflavin is required by the ciliate Temhymrmt 
strain W. 77 It is required by insects Drosophila, m mosquito larvae, H * 
and numerous beetles (Table 24). Some beetles, e.g., ■l.mmkrm, require 
riboflavin when sterilized of intestinal flora, but normally the symbionts syn¬ 
thesize sufficient riboflavin for the beetle, In the cockroach Rlaieltn gmnmka 
omission of riboflavin from a synthetic diet resulted in either no retardation in 
growth or at most a 50 per cent retardation (Noland, personal communica¬ 
tion). Analyses of roaches reared to maturity on very low riboflavin, of the 
diet, and of newly-hatched nymphs showed that a 50-fold increase in body 
riboflavin occurred in insects reared on the deficient diets. There is probably 
intestinal synthesis of riboflavin in the cockroach. 

Trout need 0.44-0.68 mg. of riboflavin per kg. body weight per day. 98 
The characteristic signs of riboflavin deficiency in mammals are skin lesions, 
Rats deficient in riboflavin develop skin lesions, some alopecia (shedding of 
hair), graying of hair, cataracts, and ocular lesions, Pip require riboflavin for 
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proper growth and for normal skin, hair, and hoofs. 106 Fur-bearing mammals 
such as the fox require riboflavin for normal sleekness and color of their 
fur. 118 ’ 1111 Manifestations of deficiency of riboflavin in man appear as lesions 
of skin, mouth, or eyes, and the recommended intake is 2.7 mg./day. Monkeys 
deficient in riboflavin fail to grow normally, develop an anemia and dermatitis, 
and on autopsy have fatty livers; they need 25-30 jug./kg./day. 22 

It is difficult to know the true body requirement for riboflavin since it is 
synthesized by digestive microorganisms, When these microorganisms are in 
the cecum or colon riboflavin may not be absorbed in sufficient quantity and 
more may be lost in feces than need be taken by mouth. In the rabbit, for 
example, the total excretion (largely fecal) of riboflavin is 10 to 15 times the 
intake, and rabbits do well on very low dietary riboflavin, either because of 
cecal absorption or from eating feces. 103 Ruminants obtain sufficient ribo¬ 
flavin by the synthetic process of rumen organisms. In sheep the dried rumen 
contents contained 32 /ig./gm. ars compared with 0.3 /xg./gm. in the food, 
whereas the milk of cows contained 16-18 mg. per day compared with an 
intake of 1.8 mg. in the food. 04 Calves lacking ruminant organisms require 
riboflavin in the diet. 148 The amount of riboflavin produced by organisms 
in the digestive tract varies according to the carbohydrates in the diet, and 
the riboflavin excreted in rats on a high lactose diet is doubled because of 
stimulation of specific flora. 123 

Niacin (Nicotinic Acid). Niacin is the third vitamin which is known to 
function in cellular respiration, With adenine, a pentose, and phosphoric acid, 
nicotinic acid amide (nia'cinamide) constitutes coenzymes I and II which with 
specific proteins are dehydrogenases. The structure of niacin is: 


H 



HC^ /CH 

Niacin is synthesized by many microorganisms, yeasts, bacteria, and flagellates, 
and it is probably required by all metabolizing cells, hence by all animals. Its 
synthesis in amounts sufficient for good growth and multiplication has been 
demonstrated in Chilomonas. m Niacin is required by the ciliates Tetra- 
hymena and Colpoda duodenaria. 

Niacin is required by a variety of insects, but it is produced by the symbiotic 
microorganisms in some of them (Table 24). Turkeys deficient in niacin 
develop a perosis or scaly skin lesions. 83 In mammals also the microorganisms 
of the digestive tract synthesize niacin (or nicotinamide), and even in man the 
body requirement may be partly filled by synthesis from tryptophane. Enough 
is formed and absorbed in the hamster that none need be added to the diet. 
In rats, mice, and man tryptophane is converted to niacin, partly by digestive 
microorganisms but largely in body tissues, particularly the liver, since some 
additional niacin is still excreted when the flora is poisoned by sulfathiazole 
or when tryptophane is injected intravenously, Synthesis is increased by add- 
ing tryptophane to the diet and favored by the presence of pyridoxine. 84,130 
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Further, calves lacking ruminant organisms do not require dietary niacin, 
Niacin-deficient dogs and foxes 118 '' 118 develop "blacktongue,” which is 
cured by feeding nicotinic acid. In dogs a diet of 0.25 mg./kg./day prevents 
blacktongue and permits weight gain; half that amount controls "black- 
tongue but does not permit weight increase. 11 In man pellagra results in 
part from a deficiency of nicotinic acid. There is much evidence that "black- 
tongue” and pellagra are complex conditions, part of which result from niacin 
deficiency and part from a diet rich in corn, a grain which is low in trypto¬ 
phane. 52 1 

Pyridoxine (Vitamin B 6) Pyridoxal, Pyridoxamine). Pyridoxine is a pyridine 
derivative: 



As pyridoxal phosphate, it is a prosthetic group in protein utilization, probably 
as a co-transaminase, and it may also be concerned in fat metabolism. Pyridox- 
meas not a dietary requirement of flagellates, although its addition to the 
medium stimulates the growth of Chilomonas. 183 It must be supplied in 
relatively large amounts for optimal growth of Tetrahymena 70 and Colpoda. 
r Fyr ! doxin S is a S e ^ ral requirement for insects except when synthesized 
by symbiotic flora (Table 24). Ruminant mammals obtain sufficient pyridox¬ 
ine rrom their rumen bacteria, the rumen contents of sheep containing ten 
times as much as the food, and milk containing similar amounts whether the 
cows are on high or low pyridoxine diet, 83 Birds and nonmminant mammals 
require pyridoxine in their diet. Pyridoxine-deficient ducklings show retarded 
growth and anemia, Convulsions appear in extremely deficient rats and pies, 
dermatitis m rats, and anemia in dogs, foxes, and pigs. The existence of 
pathological conditions from pyridoxine deficiency in man is not established, 
and there is evidence for its synthesis by man. 

Pantothenic Acid, Pantothenic acid has the following structure: 

CM, OH 

HOCHa-C-CH-CONH - (CM,),.' - COOH 
' CH, 

aS f a COenzyme in acetylation processes, for example, in 
ST of C ? 7 olm V% £0 r rm J a ce £ ylcholine. It is needed for optimal growth of 

iTYT ii but added pantothenate does not stim¬ 

ulate the flagellate Chlomonas. m Pantothenic acid favors survival of the 
malaria organism Plasmodium lophurae, in vitro, ™ Several insects of 

f\ 0UP c have been shown t0 ^uhe pantothenic acid, even when 
not depleted of microorganisms, and more severe consequences result from 





128 


Comparative Animal Physiohgy 


deficiency of pantothenate than from that of any other B vitamin. Royal jelly 
of honey bees contains three times more pantothenic acid than yeast or 
liver. 108 Ruminants obtain ari adequate amount from their symbiotic flora, 
pantothenic acid increasing by 6 to 25 times in the rumen, 94 < 95 and rabbits 
excrete as much as 265 /xg. daily , on an intake of 17 jig. 103 Even in man 
pantothenic acid is synthesized by colon bacteria and some may be absorbed. 
Numerous pathological lesions have been reported in pantothenic acid defi¬ 
ciency. There is initial stimulation and ultimate exhaustion and even atrophy 
of the adrenal cortex. 27 

Trout need approximately 1.1 to 1.4 mg. of pantothenic acid per kilogram 
per day to prevent a characteristic disease of the gills. 108 In pantothenic acid 
deficiency fur-bearing animals, such as the fox, show pathological symptoms in 
liver and kidney, 119 and monkeys show lack of growth, thin fur, and anemia. 
91 Growing chicks and ducklings require much pantothenic acid and when 
deficient show dermatitis and nerve degeneration; if laying hens are on a defi¬ 
cient diet th’eir eggs are fertile, but embryonic mortality is high. 

Biotin. Biotin is; 

0 



Biotin was discovered independently as needed by certain yeasts, by nitrogen¬ 
fixing bacteria, and by mammals. Biotin may act in the conversion of pyruvic 
acid to oxaloacetic acid by C0 2 fixation. 79 A diet rich in raw egg white 
causes a characteristic dermatitis in chicks, rats, rabbits, dogs, and monkeys; 
this is cured by addition of biotin to the diet. 

Biotin is not essential in the diet for the growth of the ciliate T etrahy- 
mena. 7r It has a pronounced stimulating action on the growth of flour 
beetles and may be a component of the unknown yeast factors required by 
some other insects. Mosquitoes fail to metamorphose without biotin in their 
diet. 141 Biotin appears to be synthesized in the intestine by different bacteria 
from those synthesizing some of the other B vitamins, and biotin synthesis is 
favored by dextrin but not by lactose. Not enough is synthesized to, satisfy 
the needs of the hamster, 21 but probably enough is produced by symbionts in 
rabbits. 103 A deficiency in hens results in high embryonic mortality and perosis 
or skeletal deformity in young chicks, which can be prevented by injection 
of biotin into the incubating eggs. 23,24,25 

Folic Acid (Pteroylglutamic Acid), Folic acid is a B vitamin which has 
spectacular effects in the treatment of certain types of anemia. It is needed 
by Tetrahymena strain W but not strain E. 29a - 8B ’ 86 - 77 In a few insects such 
as Tribolium, Ephestia, and especially Tenebrio larvae (Table 24), folic acid 
is essential for growth; it is particularly important in the third instar of Aedes 
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larvae and for pupation and pigmentation. 47 Young turkeys on a diet defi¬ 
cient in folic acid show retarded growth and anemia, whereas in mice hemato¬ 
poiesis in the bone marrow is arrested, with a hyperplasia of immature cell 
types. 148 Folic acid is essential for mink, 118 and in monkeys a folic acid 
deficiency results in lack of growth, anemia, and reversed lymphocyte/neutro- 
phile ratio. 20 Further investigation will probably indicate a wide need for 
folic acid, particularly in growth and cell division. 

Folic acid has the following structure; 


N N v 

'\/\ 

C C-Nl-L 


is, y vn 

HOOC-CHs-CHa-CH-NH-C-C ^ C^NH-CU-G J 1 

icon I W V V 

H H OH 


Vitamin B ]t , The anemias which develop in animals deficient in riboflavin, 
pyridoxine, pantothenic acid, or niacin are microcytic, that is, characterized by 
the presence of undersized red cells in the blood. Macrocytic anemia, with 
small numbers of large red cells, occurs in deficiency of folic acid and of 
vitamin B l2 . Vitamin B J2 has been crystallized and shown to contain co¬ 
balt, m but its chemical identity is not yet known; it is derived from liver and 
is effective against macrocytic anemia, even with central nervous system in¬ 
volvement. It is a specific anti-pernicious anemia factor. Vitamin not only 
stimulates hematopoiesis but also promotes growth in chickens, rats,*and pigs, 
and it may be identical with some of the unknown factors found for various 
animals. There is evidence for interaction between B , 2 and pteroylglutamic 
acid, and in certain human macrocytic anemias pteroylglutamic acid is effective 
when vitamin Bi 2 is ineffective. In some bacteria, vitamin B l2 is concerned 
with the ability to synthesize nucleosides, particularly thymidine. 127 » Vita* 
min Bi 2 is required by Eugkna gracilis for maximum growth 5,1 and also by 
Astasia klebsii (Thayer and Kidder, unpublished), whereas it is synthesized 
by Tetrahymena. 

Miscellaneous B Vitamins . Choline and inositol are two substances which 
are widely distributed in animal tissues and are probably synthesized by most 
animals, but the rate of synthesis may not be adequate for the cellular needs' 
hence they are sometimes considered as vitamins. Choline is a constituent of 
lecithin and other lipids and is a precursor of acetylcholine, a substance im¬ 
portant in nerve function (Ch. 23). Choline serves, in addition, as a source 
of labile methyl groups needed in transmethylation processes; it is synthesized 
from methionine and ethanolamine in the rat; methionine also can function 
as a methyl donator. If a diet is low in protein, particularly in methionine, and 
high in fat, choline is then a dietary essential, and in such choline deficiency 
rats show hemorrhages, increase in liver fat, and ultimately renal degeneration. 
Choline is essential in fatty add metabolism. It has a favorable action on 
growth in numerous insects. It is the most essential vitamin for the cock- 
T*!. "yy many oth't insects synthesize it in adequate amounts 

U able 24"), Unlike the rat, the cockroach evidently does not make choline 
from ethanolamine and methionine; however, betaine (trimethyl glycine) can 
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substitute quantitatively for choline in the diet of the roach. 101 Choline is 
not required in the diet of the ciliate Tetrahymena. 77 

Inositol also is a constituent of many lipids, occurs in nucleic acids, and is 
widely synthesized. Certain strains of microorganisms require it, but no in¬ 
sects have been found to need it in the diet. Inadequate amounts may be 
synthesized by growing chickens and turkeys and by mammals if the diet 
contains the cereal product phytin; 132 * 140 under these conditions it is a 
dietary essential. Early reports of specific effects of inositol on some types of 
alopecia (hair loss) appear not to have been confirmed. 

Para-aminobenzoic acid is apparently a precursor of folic acid and may not 
be a true dietary factor for animals if there is an adequate supply of folic acid. 
Additions of p-aminobenzoic acid favor survival in vitro of Plasmodium 
knowlesii, 138 but it apparently is not needed by insects or higher animals. 

Ascorbic Acid (Vitamin C). Ascorbic acid has the following structure: 


This'is a substance which is readily oxidized, and therefore it may be important 
in maintaining a proper oxidation-reduction balance in many cells, It is widely 
distributed in animal tissues and in many plant sources and appears to decrease 
in theadrenalcortexunder various stress conditions, as indicated for tempera¬ 
ture extremes in Chapter 10, p. 349. Ascorbic acid was early discovered as the 
anti-scurvy vitamin in man. Its lack results in small scattered hemorrhages 
and lesions, particularly of the gums. Ascorbic acid is needed in the production 
or intercellular cement, particularly of capillaries. The human requirement is 
1.6 to 1.7 mg./kg./day. 127 Ascorbic acid is not required in the diet by all 
mammals. It is synthesized in sufficient amounts by the rat and hamster, but 
must be fed to guinea pigs, monkeys, and men. Ascorbic acid appears not to be 
essential m the nutrition of insects, but those animals may synthesize it. 140 
1 he larvae of honeybees contain more ascorbic acid than do the adults. 54 It 
is said to be needed by cultures of the higher trypanosomes (mammalian blood 
parasites) such as Leishmama and Schizotrypanum, but not by free-living 
— and ptimitive trypanosomes such as Strigomonas and Leptl 

% * terra is applied to a group of products found in green 

nuSnml T whose fl action ma y ^ more pharmacological than 
substances, fiavone glycosides, rutin, and others, protect 
ai |d regulate the capillary cement. They P differ 

from ascorbic acid and may not be true vitamins. 

Purmes and Pyrimidines. In some animals purines and pyrimidines are 
testy essentials. In culturing the ciliate f^ ym J Kidd“^y 
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isolated three unkown essential factors. One of these proved to be a purine, 
and guanine is specific, although others are additive; another of these factors 
is a pyrimidine, and in cultures cytidylic acid or uracil is used; the third is still 
unknown (see p, 135), 

A malaria organism, Plasmodium knowlesii, needs purines and pyrimidines 
for best survival in vitro,™ Drosophila larvae have been grown on a syn¬ 
thetic medium which includes ribonucleic acid, 124 and it is possible to substi¬ 
tute nucleotide or the purine adenine for this requirement. 14il Other insects 
seem not to require dietary purines. In no mammals have purines and pyrimi- 
dins been shown to be dietary essentials, but since all cells contain them in 
nucleic acids, the enzymes for purine and pyrimidine synthesis must be very 
widespread. Numerous animals, such as Tetrahymena, lack the enzymes 
present in mammals for synthesis of guanine and uracil. 

Hematin. Probably all aerobic organisms have oxidative enzymes and 
carriers (cytochromes) which contain iron in a porphyrin ring similar to that 
in hematin. The hemochromogen of cytochrome is more primitive in an 
evolutionary sense than hemoglobin and is synthesized by many animals and 
plants which do not make hemoglobin. A few blood parasites, the liemo- 
Hagellates, have lost the ability to synthesize the hematin which they need 
and therefore rely on their host. Closely related flagellates which are parasitic 
on insects and plants (e.g., Strigomonas ) do not require hematin when cul- 
uired m vitro but presumably synthesize it. Several species of Leishmania and 
Trypanosoma which parasitize birds and mammals require hematin, proto- 
hematin, or protoporphyrin (but cannot use other related substances) when, 
cultured in vitro. 83 This is an interesting instance of loss of a synthetic 
function by a parasite with increasing dependence on the host. Hematin is, 
then, a vitamin for these trypanosomes and for Leishmania, but not for other 
kinds of animals. 

Fat-Soluble Essential Substances. The fat-soluble vitamins differ from the 
water-soluble ones in being much more restricted as dietary requirements. 
Vitamins A, D, E, and K are known only for vertebrates. 

Vitamin A. One form of this is: 

CH, CHj 

N \) CH, CH a 

■ / \ « H | H H H | H 
IffiC C-C=C-C=C-C=C-C=C-CH t ()H 

. HsC C-CH, 
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Vitamin A is synthesized by animals from plant carotenes and is a part of 
several pigment systems. The best known of these is the visual purple pigment 
of the vertebrate eye. This visual pigment is formed from vitamin A, which 
occurs m two forms-A } found in the retina of higher vertebrates and marine 
hsti, and A 2 found predominantly in fresh-water fish (see Fig. 120, Ch. 11). 
Mtamin A is stored in the liver, and a deficiency may result in xerophthalmia. 
Vitamin A 2 of fresh-water fish can be used by mammals, but less well than A t , 
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The rat converts carotene to vitamin A, probably in the small intestine. 
Carotene is converted slowly and is stored in the liver as A* in codfish 10 - 120 
and lobster, 100 and as A 2 in perch and dace. 08 Vitamin A is not required 
in the diet of the cockroach, and analyses indicate that this animal does not 
synthesize it. 13 Vitamin A has not been found necessary for growth or 
maintenance of any invertebrate animals, although it is suggested for the 
snail Helix pomatia. 37 Since visual purple occurs in the pigment system of 
some arthropod and cephalopod eyes (see Chapter 11) the possibility of a 
carotene or vitamin A requirement for visual function in these animals should 
be tested. 

Vitamin D. This is a class of substances, the most important of which are: 
(1) D 2 or calciferol, which is obtained by irradiation of ergosterol, and (2) 
Da or activated 7-dehydrocholesterol, which occurs in fish liver oil and is syn¬ 
thesized in the skin of higher animals under action of sunlight. Vitamin D 2 
is only one-thousandth as active for chickens .as is D 3 , whereas the two forms 
are nearly equally active for rat and man. Vitamin D increases the absorption 
of calcium and phosphorus, and its lack results in low bone phosphatase and 
abnormal bone production, one kind of rickets. It is also needed for proper 
dentin formation in teeth. Unlike cholesterol, no form of vitamin D has been 
shown to be essential for any nonvertebrate, but the relation of specific sterols 
to phosphatase activity in shell deposition in crustaceans and molluscs seems 
not to have been investigated. 

Vitamin E (a-, ft-, and y-Tocopherols). The most important form of vita¬ 
min E is: 



are particularly useful to prevent hemorrhages in young chickens, in human 
infants, and in adults with obstructive jaundice. Vitamin Ki is: 
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Vitamin K is not a dietary essential for the cow-it is synthesized in the rumen; 
also the rat, dog, and probably man obtain enough from bacteria in the in¬ 
testine. This is not true for chickens, however, and in mammals shortly after 
birth the prothrombin level of the blood drops unless the vitamin K level in 
the maternal blood has been high. The entire molecule is not necessary, for 
the naphthoquinone is as effective in maintaining blood prothrombin as is the 
vitamin K with its side chain, 



Vitamin E, usually supplied as a-tocopherol, is necessary for normal develop¬ 
ment of vertebrates. Deficiency results in degeneration of germinal epithelium 
in the male and resorption of embryos from female mammals. Local hemor¬ 
rhages, blood vessel impairment, brain and liver lesions, and particularly lesions 
of the testis have been observed in deficient chickens, 1 tadpoles, 110 and fish 
(guppies 20 ). It is likely, therefore, that vitamin E is essential for all classes 
o vertebrates. It is required for the proper use of vitamin A, probably because 
of its anti-oxidant properties. Among invertebrates, vitamin E is probably not 
essential, but in the moth Ephestia a-tocopherol protects linoleic acid from 
madation, although other antioxidants, for example, ascorbic acid, can do as 

Vitamin K (Methyl Phytyl Naphthoquinone J. Vitamin K is an antihe- 
morrhagic factor essential for prothrombin formation. Its needs has been 
demonstrated m sevepal mammals and birds, and it is obtained as Ki from 
green leaves and as K 2 from putrefying fish meal. Supplements of vitamin K 
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Fig. 28. Wings of Ephestia in increasing deficiency of linoleic acid from 1 (no 
deficiency) to 8. From Fraenkel and Blewett, 1 " 1 

Specific Fatty Acids, Most animals grow and live well with little or no 
dietary fat, but, since fat is the most favorable storage substance, it can he 
interconverted to and from carbohydrate and under some conditions to and 
from proteins; hence fat may be deposited on a high caloric intake even when 
little fat is fed. This is well shown in the flagellate Chilmonas which accumu¬ 
lates fat droplets when fed acetate, particularly in the absence of sulfur. In 
higher animals the deposited fat may differ from the food fat in respect to 
melting point or degree of saturation, The total fat intake can be reduced to 
very low levels in birds and mammals. Apparently fats, per se, are not neces¬ 
sary in animal diets; however, at least one fatty acid is required by certain 
animals. Moths of the genus Ephestia require linoleic acid for successful 
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emergence and normal appearance of the scales, and lack of linoleic add 
causes an appearance similar to that of certain mutants; possibly a given gene 
controls linoleic acid metabolism, and hence scale production (Fig. 28). 
Linoleic acid synthesis occurs in Tenebrio but not in Ephestia, as shown, by 
the following figures: 

LINOLEIC ACID CONTENT OF FAT 1 

Tenebrio Ephestia 

with linoleic acid in diet 20 per cent 15 per cent 

without linoleic acid in diet 10 per cent 1 per cent 

Rats on a low fat diet develop hematuria, loss in weight, and scaly feet and 
tail, all of which symptoms are then cured by feeding linoleic acid as sodium 
linoleate, about 30 mg. per day. Linolenic acid cannot be substituted, and 
vitamin E or some other antioxidant must be present for proper utilization of 
the linoleate. 40 ’ 86 > 87 

Men have lived well for six months on a low fat diet which would have 
been insufficient for rats; however, their blood concentration of linoleic acid 
declined; hence man needs linoleic acid in metabolism, but can synthesize 
relatively more of it than the rat can. 15 Chickens also grow well on a diet 
containing less than 0.1 per cent of fat, and the depot fat is more saturated 
under this condition than on a normal fat ration. 117 Apparently, then, the 
ability to synthesize fatty acids is universal among animals, but linoleic acid 
is not synthesized in sufficient amounts by some species and hence is a dietary 
essential for them. 

Cholesterol Sterols are commonly associated with fatty acids in a variety 
of lipoidal compounds, and by far the most common animal sterol is cholesterol. 
As with the fatty acids, there is much variation in ability to synthesize the 
needed cholesterol, and some species require it in their diet. For example, 
Lwoff 82 > 88 states that cholesterol is not needed by free-living Protozoa or by 
primitive trypanosomes (Strigomonas, Leptomonas), but it is needed by 
specialized trypanosomes (Trichomonas and Eutrichomastix). 18 Probably all 
insects, beetles (Lucilia, Tribolium), flies (Drosophila), and roaches (Blatella) 
require dietary cholesterol (Table 24). Demestes, normally a wool feeder, 
uses only animal sterols, not ergosterol or sitosterol, whereas flour beetles do 
well on the plant sterols; none require calciferol (vitamin D). 44 Drosophila 
can use ergosterol or cholesterol but not calciferol. 56 Larvae of Aedes aegypti 
fail to metamorphose without some lipid in the diet, a need which is satisfied 
by cholesterol or lecithin but not by fatty acids. 48 Vertebrates can synthesize 
the cholesterol which they need. 

It was formerly believed that the sterol components of invertebrate animals 
depended largely on the diet, herbivorous animals having predominantly 
higher sterols (Q>o) and carnivorous animals having lower sterols like chole- 
sterol (C 2T ). This dietary correlation now appears not to hold, but the sterols 
of different animals are often complex and may be useful in taxonomy of some 
groups. - 0 For example, gastropod and cephalopod molluscs contain mainly 
cholesterol, whereas pelecypods have mixtures of higher melting point sterols, 
mostly with 28 carbons. Sponges contain a mixture including C 27 , C 28 , and 
L 20 sterols, some of which are unique and may be useful in tracing taxonomic 
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relations within the Porifera. The principal sterol of insects and vertebrates is 
cholesterol. 

Unknown Factors. The discovery of vitamins often proceeds by a tedious 
process of dietary elimination; an animal is fed a complex diet on which it 
thrives, then this diet is gradually fractionated into identifiable components 
which can be eliminated one by one. Sometimes the searches for an essential 
component for two or more organisms lead to discovery of the same substance, 
as when folic acid was identified as a factor for certain yeasts, molds, and 
mammals. A few examples of dietary factors which have not been identified 
chemically can be cited. 

The ciliate, Tetrahymena geleii, has been cultured in a medium of amino 
acids, dextrose or acetate, inorganic salts, and B vitamins as described above. 
In addition, these organisms require a purine and a pyrimidine and a third 
factor which is obtained best from a Norit filtrate of liver extract. This un¬ 
known liver factor has been separated into two components (factors IIA and 
IIB). 7B > 78 ' 133 In turn factor IIB is found to be replaceable by large amounts 
of pyridoxine together with copper and iron salts. Factor II A is not replace¬ 
able by any of a variety of compounds, including vitamin P> Vi \ it is stable to 
hydrolysis in weak acid and alkali, and is precipitated with lead and extracted 
with butanol. Its identity is not known, but it has been named protogen. 

_ Trout which are fed on a diet of devitaminized casein, sucrose, salts, known 
vitamins, and dry liver, which is adequate for rats and chickens, do not grow 
well. In addition to thiamine, riboflavin, pyridoxine, pantothenic acid, and 
choline, trout require some unknown substance which is present in fresh liver 
and yeast. 1,8 It will be of interest to test vitamin B J2 on trout. 

Planaria grow rapidly in a sterile medium if fed on animal tissues which 
provide a complete supply of needed factors. Liver is the most favorable'food; 
the mucosa of such regions as cecum is better than that of other regions such 
as duodenum; egg white alone is deleterious, whereas egg yolk permits slow 
growth; and kidney cortex is superior to kidney medulla. m . 152 The liver 
from guinea pigs fed on a balanced diet containing grass or kale permits good 
growth of planaria, but if the green vegetable is replaced by orange or tomato 
juice, the planaria cease normal growth. 133 Guinea pigs on such a deficient 
diet ultimately show various deficiency symptoms such as muscle degenera¬ 
tion. 153 This guinea pig liver factor for planaria is somewhat similar to the 
unknown factor occurring in liver which is required by trout, There are 
several reports of unknown factors which can be supplied from liver as essen¬ 
tials for normal growth and maintenance of guinea pigs, 150 
. Knowledge of the physiology of parasitic worms has long been retarded by 
inability to culture them in vitro. Many attempts at culture have been made, 
but the best that can be done at present is to prolong survival. Some tape¬ 
worms and nematodes can be kept for days in salt solutions. The most success¬ 
ful cultures to date are those of Smyth, 33 «. 133 who kept larval tapeworms in 
a medium of peptone broth, salts, and sugar for 300 days, during which there 
was some maturation of the worms and regular utilization of sugar. Whether 
parasitic worms can absorb essential factors from host tissues is not well estab¬ 
lished. However, tapeworms grow well in rats which are receiving a diet low 
m protein or in vitamins A, D, E, and B h but not in rats fed a diet deficient 
m carbohydrate or riboflavin (in female but not in male hosts); hence these 
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two latter substances must be supplied in the diet, whereas the protein and 
other vitamins can be taken from the host mucosa. 2 - 19 
Larvae of bark beetles, Synchroa and Dendroides, grow on sterile bark but 
do not pupate unless the rhizomes of a fungus or some nonsterile bark is added. 
Apparently the fungus provides some unknown compound essential for pupa¬ 
tion. 107 Several beetles have been shown to require the identified B vitamins, 
except para-aminobenzoic acid and possibly inositol; in addition, Tenehrio 
requires an unknown called Bf, and Tribolium needs two different unknown 
factors found in yeast. 31 Roaches fed a synthetic diet equal to the best crude 
diet for growth nevertheless did not reproduce normally; the necessary factors 
are unknown (Noland, unpublished). 

The diets of many animals under natural conditions are very restricted. 
Sometimes dietary restrictions are related to feeding mechanisms (Ch. 6); 
sometimes they depend on chemical sense and orientation with respect to 
chemical stimuli. In other animals there appear to -be unknown nutritional 
factors which determine food preference. In no group are there so many 
examples of restricted diets as among insects, particularly the herbivorous ones, 
tidiich may be attracted chemically to single kinds of plant 10 and which may 
eat only certain kinds of leaves. The chemical which attracts an insect to a 
plant is not necessarily a nutrient. For example, silkworms can be forced to 
eat some leaves other than mulberry, but they do not grow properly on the 
substitutes. 140 Female mosquitoes of most species require a blood meal for 
normal egg development. In several insect groups polymorphism depends on 
the diet, 140 as the transformations of Hymenoptera. The identification of the 
active essential components in the food of specialized insects and the study of 
the ways these components cause morphological changes have scarcely been 
started. 

To ascertain the true nutritional needs of an animal it is necessary to 
measure not only growth rate but also the ability to reproduce or, better 
still, to survive normally for many generations on an experimental diet. The 
djscovery of new vitamins for common laboratory animals is becoming more 
dimcult and chemical identification is becoming more prompt than in the 
early period of vitamin research. It is likely, however, that as more kinds of 
animals are studied as thoroughly as the rat has been, new essential substances 
will be found for particular species. 

CONCLUSIONS 

It is possible that the first "organisms” were heterotrophic, but certainly 
animals as we now know them evolved from autotrophic organisms. The 
istory o nutrition shows increasing dependence of animals on autotrophs 
an a progressive loss of capacity to synthesize. Loss of synthesizing enzymes 
and increasing dependence on external sources for needed organic compounds 
f shown P^icularly well in parasites. For example, the more primitive 
trypanosomes, parasitic in insects and plants, synthesize their needed hematin, 
whereas those which parasitize mammals require hematin from outside if they 
are to grow tn vitro . A comparison of the capacities of free-living and of 

" mth ? Sy f H ? IZ l B Vitamins would be of interest * Fla 8 ellate 

interesting (eUCOphy * es) whlch ca f, use acetates as carbon source form an 
g series with respect to ability to use inorganic nitrogen, nitrate, 


ammonia, single amino acids, and special mixtures as of peptones. Similarly 
some of them can synthesize either pyrimidine or thiazole (or both), and from 
these thiamine; others can synthesize thiamine only, while the highly special¬ 
ized flagellates and free-living ciliates must be supplied with thiamine in the 
diet. 

The loss of ability to synthesize needed compounds is not always complete, 
since animals in deficiency can be shown to synthesize some needed com¬ 
pounds.. When flagellates are transferred from one medium to a simpler one, 
growth is often poor initially and good later, indicating metabolic adaptation 
which may be either a change in enzyme pattern or selection of those in¬ 
dividuals which initially had the greater synthesizing capacity, Mammals 
normally obtain their nitrogen as protein, but, if minimal amounts of the 
essential amino acids are supplied, mammals can use urea or ammonium salts 
from which to synthesize amino adds and thus protein. The amount of pro¬ 
tein normally consumed by man in our western civilization is much greater 
than the amount required to supply the necessary amino acids, and protein is 
an uneconomical source of energy. Certain amino acids act in specific processes 
(e.g., arginine in growth), but are needed by man in gram amounts daily, as 
compared with milligrams or micrograms of B vitamins, The amino acid and 
vitamin requirements for growth are greater than those for maintenance of 
adults. It is striking that the amino acids which arc "dietary essentials" are 
similar for the ciliate Tetruhymena and for the rat. 

It appears that the essential amino acids and B vitamins are similar in all 
animals and that each one has its particular role in cellular metabolism. Some 
of the B vitamins act as coenzymes for vital reactions in all aerobic cells; this 
has been established for thiamine, riboflavin, niacin, pyridoxine, and panto¬ 
thenic acid. Animals must either synthesize these essentials, get them from a 
dietary source, or obtain them from symbiotic microorganisms which can 
synthesize them. Insects and mammals with gastrointestinal tracts sterilized 
of microorganisms have much higher vitamin requirements than those whose 
gastrointestinal tracts contain the normal symbionts. It is difficult to state the 
true metabolic requirement for a substance such as a water-soluble vitamin or 
ammo acid m a higher animal, even when microorganisms are eliminated, since 
some of the substance is often synthesized, although not in sufficient quantity. 

It is probable that higher animals can be stimulated to greater synthesis of B 
vitamms by a lack of these and with an excess of the precursors in their diet, 
Most of the B vitamins, then, because of their cellular functions, are metabolic 
requirements of all animals and are dietary requirements of some, 

. , e als T man y substances which are required by specific groups of 
an T S; Tbe „ ^te Tetrahymena requires guanine, whereas mammals can 
synthesize it from adenine and Tetrahymm requires a pyrimidine uracil, 
which is not metabolized when it is fed to mammals but which is synthesized 
by ta, Apparently Protozoa and many insects and mammals do not need 
tats whereas a few insects and mammals need only one fatty acid, lmoieic 
acid. AH insects require cholesterol; mammals and birds synthesize it. The fat- 

well know™”] ’ fT? A ’ ?’ E ' and . K ' are strict] y vertebrate requirements, 
well known only for birds and mammals. Insects grow well in the absence of 

hese vitamins. Investigation of specific functions of fat-soluble vitamins, such 
that of vitamin A m visual purple synthesis, of vitamin D in calcium- 
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phosphorus utilization, and of others in reproduction, might yield evidence 
of their need in some invertebrate animals. In any case, these substances are 
associated with specialized chemical reactions rather than with the general 
cellular reactions in which many of the B vitamins participate. 

Several evolutionary trends are shown in nutrition. First, the methods of 
obtaining carbon and nitrogen from inorganic and simple organic sources for 
the synthesis of protoplasm evolved early, probably among flagellates, and 
within that same group the methods of synthesis from simple sources were 
lost so that complex organic sources of carbon and nitrogen are needed by all 
other groups of animals. In a general way the kind of carbon source is related 
to the nitrogen source, and heterotrophic animals (but not yeasts) lack the 
synthetic enzymes of autotrophic organisms. The total caloric requirements 
depend on levels of metabolism, which will be discussed in Chapter 8. Second, 
there are many substances, amino acids and coenzymes, which are universal 
cellular components, which can be synthesized in adequate amounts by some 
unicellular organisms but not by the specialized Protozoa. Higher animals also 
are often unable to synthesize sufficient supplies of these substances and de¬ 
pend ra food or symbiotic microorganisms for them, Finally, with increased 
chemical specialization there appear needs for particular compounds which 
are not universal requirements. The best examples of these are in fat metab¬ 
olism, in the deposition of skeletal calcium, and in production of blood cells. 
The fact that there are still unknown requirements prevents the culture in 
solution of various animals, such as intracellular blood parasites, parasitic 
helminths, planaria, fish, and others, which have so far been cultured only on 
highly organized food, such as that found in mammalian liver. The compara¬ 
tive approach to nutrition can be expected to lead to the discovery of many 
specialized dietary requirements and may ultimately provide a partial descrip¬ 
tion of the sequence of enzyme evolution. Such a goal will be attained only 
when the cellular functions of the specific required compounds are known. 
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Feeding and Digestion 



I FEEDING MECHANISMS 

I n the animal kingdom as a whole there have evolved mechanisms 

I enabling various animals to deal with almost every conceivable 
source of food materials. For the most part there is no correlation 
between the types of food materials utilized and the major groups in the 
natural scheme of classification. Practically all of the major divisions in the 
animal kingdom have species feeding on a wide variety of foods and using 
correspondingly diversified feeding mechanisms. The nature of feeding 
mechanisms appears to have been determined largely by the habitat and the 
food materials available to a particular organism. The form and function of 
the digestive tract, as well, are in most cases definitely correlated with the 
types of food used and the feeding mechanisms. 

Soluble Food. All natural waters have organic material dissolved in them 
in concentrations of the general order of magnitude of 10 mg. per liter, the 
amounts being greater in regions of much organic detritus. There are proteins, 
some carbohydrates which are principally pentosans, some amino acids and 
fatty acids, all of which have arisen from dead organisms or as waste products 
of living ones. Putter 137 was the first to consider the significance of these 
dissolved substances as food for animals. He believed that he demonstrated 
them to be important as food, but this conclusion was seriously questioned by 
many later investigators. The subject has been ably reviewed by Krogh. 87 
Only a few free-living animals, particularly the protozoans and possibly 
sponges, appear capable of relying in nature on simple dissolved substances 
such as amino acids, sugar, and fatty acids as an important portion of their 
food supply. In the protozoans the substances appear to be absorbed directly 
through the cell membrane; in the sponges the feeding cells or choanocytes 
are probably responsible for uptake of the dissolved foods. Direct absorption 
of simple foodstuffs must be the principal "feeding mechanism” in helminth 
parasites, such as cestodes and acanthocephalans, which possess no digestive 
tract, and in parasitic protozoans. Where simple compounds in solution are 
an important food source there must usually be mechanisms for active trans¬ 
port across cell membranes since the materials are carried from a low to a 
higher concentration. The utilization of complex dissolved foodstuffs such 
as proteins and polysaccharides probably requires digestion either in food 
vacuoles or in a functional digestive tract. 

There is some evidence that higher animals, such as lamellibranch molluscs, 
and even fishes and frog tadpoles, are able to absorb and utilize dissolved 
nutrients from their aqueous environment when these substances are present 
in rather high concentrations. However, even when high concentrations are 
present the amounts absorbed are insufficient for normal metabolic require- 
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ments. There is good evidence that in these higher animals the absorption 
occurs by way of the gut, into which the material must first pass, It has been 
generally held that fresh-water fishes and amphibians do not drink significant 
quantities of water, but the ability of these animals to absorb dissolved sub¬ 
stances by way of the gut renders this questionable, as do recent observations 
on the concentration of colloidal material in the digestive tract of the gold¬ 
fish. 2 ‘ 5 

Particulate Food. For the vast majority of animals, other organisms and 
particulate organic detritus constitute the principal sources of food, The best 
classification of the innumerable mechanisms used by animals in dealing with 
such foods is that of Yonge, 187 who separates feeding mechanisms into three 
large categories: (1) mechanisms for dealing with small particles; (2) mech¬ 
anisms for dealing with large particles or masses; (3) mechanisms for taking 
in fluids or soft tissues. 

Mechanisms for Dealing with Small Panicles, Such mechanisms are found 
only in aquatic species; most multicellular animals possessing these mechanisms 
are sessile or quite sluggish. A viscous secretion is usually produced, and in 
this the particles are trapped prior to ingestion. Yonge subdivides these mech¬ 
anisms into six groups: 

pseudopodial. These are exemplified by the reticulate pseudopodia of the 
radiolarians and foraminiferans, upon which particles are caught and swept 
inward .toward the main portion of the body for ingestion. 

ciliary. These are very widespread among animals. Special patterns of 
distribution and activity of cilia are virtually as numerous as the number of 
species which possess such mechanisms. Generally speaking, feeding currents 
are produced which bring large volumes of the medium into close association 
with the feeding parts; the food particles are carried along definite tracts where 
they are entangled in a secreted viscid material and finally are carried into 
the mouth, Most fine-particle feeders appear to show little or no chemical but 
only mechanical selection of food particles, accepting or eliminating the par¬ 
ticles on the basis of size; ciliate Protozoa may show chemical selection. Ciliary 
mechanisms for fine-particle feeding are found among the ciliate protozoans, 
sponges, many tubicolous annelids, echiuroids, rotifers, entoprocts, ectoprocts, 
p oronids, brachiopods, some gastropods, most lamellibranchs, and many 
tunicates and cephalochords. In some of these the mucous filter is not used. 

tentacular. Some holothuroids possess tentacles about the mouth on 
which small particles fall and then become entrapped in mucus. The tentacles 
are then pushed into the mouth and the material removed. 

mucoid. The sessile gastropod Vemetus extrudes from its mouth a film of 
mucus which is retracted at intervals, bringing into the mouth the particles 
entrapped upon it. 

muscular. The scyphozoan jellyfish has, instead of a single mouth, 
numerous fine pores leading to the coelenteron. Particle-laden water is drawn 
in and the water is expelled by rhythmic muscular contractions of the bell. 
The particles are filtered out in the digestive cavity. The polychaete Chaetop- 
terus and the echiuroid Urechis secrete mucous bags which filter out food 
particles and are eventually swallowed. Currents which fill the bags are set 
up by parapodial movement in Chaetopterus and by body peristalsis in 
Urechis. 188 By comparing the filtration of different proteins MacGinitie 
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estimated the pores of the sacs of Chaetopterus to be about 40A in diameter. 
Certain vertebrates, such as the baleen whale, many fishes, and even a few 
birds which capture insects on the wing, may be considered filter feeders, in 
which locomotor and sometimes pharyngeal muscular activity serves as the 
force involved in filtration. 

setose, This type of mechanism is characteristic of numerous aquatic 
crustaceans such as Daphnia, copepods, cirripedes, ostracods, and larvae of 
certain insects such as mosquitoes and mayflies. Movements of certain ap¬ 
pendages with their fringes of setae sweep particle-laden water into certain 
areas among the appendages where setae strain out the particulate matter. 
The particles are then bound into larger masses by a viscid secretion and 
carried to the mouth. 

Mechanisms for Dealing with Large Particles or Masses. Mechanisms of 
this type are subdivided by Yonge into, three groups: 

foe swallowing inactive food. Organisms possessing mechanisms for 
swallowing inactive food, such as mud, are typically burrowing forms, rather 
sluggish in habit. Included in this category are certain holothuroids which use 
their tentacles to force mud into their digestive tracts. Annelids such as 
Lumbricus and Arenicola possess eversible pharynges for this purpose; echino- 
derms such as spatangids use their tube feet; and burrowing crustaceans such 
as Upogebia and Callianassa use their mouthparts. The organic content of the 
mud is utilized, and the residue is ejected in the feces. 

for scraping and boring, These mechanisms are found in animals char¬ 
acterized by more or less continuous feeding. They usually have organs for 
attachment to permit the special apparatus for scraping or boring to be used 
effectively. Examples of this type of mechanism are the Aristotle’s lanterns of 
echinoids, the radular apparatus of many molluscs, the special boring valves of 
Teredo , and the heavy mouthparts of termites. 

for seizing prey. Mechanisms for seizing prey are further subdivided by 
Yonge into three groups: (1) For seizing only. These would include the 
pseudopodia of amoebae, the impaling proboscis of Didinium, nematqcysts of 
coelenterate tentacles, lasso-cells of ctenophore tentacles, the turbellarian 
pharynx, the jawed pharynges of many polychaetes, the chitinous hooks of 
chaetognaths, the teeth and radula of some gastropods, and the suction mech¬ 
anism of feeding of septibranchs, (2) For seizing and masticating. Examples 
of these are the jaws and radulae of many molluscs; the jaws and other mouth¬ 
parts of crustaceans, insects, arachnids, and myriapods; and the toothed jaws of 
vertebrates. 

In the jawed vertebrates or gnathostomes the anterior teeth often bite or 
gnaw, and posterior teeth masticate; however, there is much variety, ranging 
from amphibians and billed birds which chew very little, to the ungulates 
with heavy chewing molars, 

(3) For seizing followed by external digestion. This type is illustrated by 
the sarcodinian, Vampyrella, which digests a hole through the walls of the 
algae on which it feeds; by Asterias, whose everted stomach kills and digests 
its prey; by many carnivorous gastropods; by Sepia; and by many insects such 
as Dytiscus larvae. 

Mechanisms for Taking in Fluids and Soft Tissues. Such mechanisms 
usually include a pumping muscular pharynx. There may be chitinous jaws or 
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stylets for piercing. If blood is the material ingested as food, the presence of an 
anticoagulant is not uncommon, Yonge further subdivides this class into three 
groups: 

for piercing and sucking. Included in this group are the sucking mech¬ 
anisms of hookworms, leeches, parasitic copepods, tardigrades, pycnogonids, 
many Diptera, mites, and ticks, and many cyclostomes. 

for sucking only. Examples of this category are the feeding mechanisms 
of the suctorians, trematodes, most nematodes, lepidopterans, Muscidae, pen- 
tastomids, and suckling mammals. 

FOR ABSORPTION THROUGH THE GENERAL BODY SURFACE. This mechanism 

was discussed earlier (see p. 144). Species possessing this means of feeding 
have no digestive organs or mechanisms and depend wholly on absorption of 
nutritive materials from their surroundings. Many parasites are included in 
this category. 

MECHANICAL FACTORS IN DIGESTION 

The digestive tracts in animals, like the feeding mechanisms, show striking 
adaptations to the character of the foods and the feeding habits of the organ¬ 
ism. The general problem of the evolution and adaptation of the digestive 
systems of animals has been ably discussed by Yonge. 190 The digestive tract 
in several animals is diagrammatically shown in Figure 29. Yonge divides the 
tract into five functional regions. 

Functional Regions of Alimentary Tract. Reception. This includes the 
mouth and mouth cavity. This region, except in fine-particle feeders, usually 
possesses glands which have received various names, largely depending on 
their particular position, such as labial, buccal, or sublingual. These glands 
are primarily lubricating, although special functions have been secondarily 
assumed by them. These glands in many blood-sucking species, such as 
leeches, ticks, and some insects, are the sources of anticoagulants. Many insects 
and the snail Helix secrete carbohydrases from such glands. Some snails pro¬ 
duce acid which is used in dissolution of food. Some nematodes and carnivor¬ 
ous gastropods produce proteases in the oral glands. Toxins for the paralysis 
or killing of prey are found in a wide range of species from many groups. 

Conduction and Storage. Following the region of reception is one of con¬ 
duction and storage. This includes the esophagus and crop of many species, 
The crops of leeches, of some insects, and of herbivorous birds are simply 
dilatations of the esophageal region. Digestive glands may be present in this 
region, or digestive enzymes may be regurgitated from more distal regions, 

_ Digestion and Internal Trituration. The third general region is for diges¬ 
tion and internal trituration. In this region one often finds the differentiation 
of gizzards or gastric mills. Such special grinding mechanisms are seen in 
rotifers, some clams, certain annelids, crustaceans, some insects such as the 
cockroach (Fig. 29, A), and birds. It is not uncommon to find associated with 
the grinding mechanism a filtering mechanism which maintains the food par¬ 
ticles in the region of the triturating mechanism until they have been reduced 
to a particular degree of fineness, as in the crayfish. In this region also the 
greater portion of the digestive enzymes are liberated and the lining may be 
rich in unicellular glands, distributed uniformly through the region or dis¬ 
tributed in a characteristic pattern. This region'also often possesses conspicu- 
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Absorption. The fourth region is one of absorption. This region usually 
overlaps the preceding one, and in many animals, such as the clams, starfishes, 
and crustaceans, it is indistinguishable from the region of storage and internal 
trituration. In the majority of species, including the sea urchins, sea cucum¬ 
bers, insects, annelids, and vertebrates, the region of absorption is more or less 
distinct. 

Conduction and Feces Formation, The fifth and final region is one of con¬ 
duction and of formation of feces. This region is very conspicuous in such 
animals as the terrestrial insects and vertebrates, in which an important func¬ 
tion is the absorption of water from the fecal material, as in the insect hind- 
gut and the vertebrate colon. The whole intestine of crustaceans and of most 
molluscs comprises this region. 

Movement of Food Mass. Food material is propelled along the digestive 
tract at a rate which permits effective digestion and absorption of the utilizable 
constituents of the food. This propulsion is by one Or both of two methods; 
(1) ciliary activity, and (2) muscular activity; Ciliary activity appears to be 
the exclusive means of movement through the digestive tract iff such organisms 
as the ectoprocts, entoprocts, and pelecypod molluscs, fyluscular activity is 
involved to a greater or less extent in food propulsion in other animals. Some¬ 
times movement of somatic musculature associated with .locomotion serves as 
an effective force in the propulsion, supplementing the action of poorly 
developed visceral musculature, for example in worms, dnd holothurians. Well 
developed visceral musculature operates effectively by itself in arthropods, 
vertebrates, and probably cephalopods. In addition to propulsion the muscular 
activity serves to triturate further and to mix the food with digestive fluids. 
There may be peristaltic waves, standing waves, and pendular movement. The 
action of emulsifying agents on fats is aided by the mechanical action of the 
digestive organs. 

The coordination of the mechanical activity of the digestive tract has been 
studied significantly only in the vertebrates, in which both endocrine and 
nervous factors operate. Epinephrine inhibits gastrointestinal activity, whereas 
acetylcholine increases intestinal motility, antagonized by atropine. Sym¬ 
pathetic nerves increase and parasympathetic nerves decrease motility of the 
gut (see Chapter 16). 

The time of retention,of food in the digestive tract is inversely related to 
the efficiency of the digestive processes. The rate of movement of food is 
dependent on temperature in a fashion parallel to the effect of temperature 
on the digestive reactions. A blood meal may be retained by a leech for several 
months. 60 One blood meal lasts the bug Rhodnius for one ihstar, whereas 
food passes rapidly through caterpillars and grasshoppers. In fish several days 
may be required for digestion (three days in dogfish 166 ). In warm-blooded 
animals digestion is more rapid. About 70 per cent of an indigestible meal is 
passed in feces in 24 hours in a rabbit, in 72 hours in man, in 18 to 20 hours in 
a chicken. 47 Food remains in the human stomach 3 to AVi hours, carbohy¬ 
drates remaining a shorter time than proteins; in cattle, food remains in the 
rumen an average of 61 hours, in the omasum' 8 hours, and in the abomasum 
3 hours. 47 A delicate balance exists between the kind of food, the rate of 
digestion, and the rate of propulsion along the digestive tract; part of the 
regulation may be local and much of it reflex in nature. 
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SITE OF DIGESTION: INTRACELLULAR OR EXTRACELLULAR 

In evolution, digestion inside the cells which use the food products metab- 
olically preceded extracellular digestion. In most animals there is both intra¬ 
cellular and extracellular digestion, but certain animals have specialized' in 
one or the other. 

Unicellular organisms show much variation in the site of action of digestive 
enzymes. Autotrophic organisms (some bacteria, yeasts, and flagellates) absorb 
only simple organic molecules, building them into complex ones. Some bac¬ 
teria secrete digestive enzymes, such as proteases which liquefy gelatin, absorb 
the products of intermediate size, and complete the digestion intracellularly. 
Extracellular digestion by Protozoa occurs occasionally. The amoeboid cell 
Vampyrella extrudes a cellulose-digesting enzyme onto a filament of Spirogyra, 
digests a hole in the cell wall, then consumes the cell contents in 1 to 5 min¬ 
utes. 106 It is probable that Protozoa which are intracellular parasites, such 
as the malaria organism, destroy portions of cell membranes before pene¬ 
trating the host cell. There are few convincing observations of enzymes freed 
into a culture medium by Protozoa. Glaucoma is said to secrete an enzyme 
which attacks peptone in the medium. 108 Most Protozoa take in food and 
digest it in food vacuoles or in the cytoplasm. A food vacuole is extracellular 
in the sense that the contents are separated from the cytoplasm by a membrane 
which has very low permeability to many substances such as organic acids. 
Enzymes are secreted into the food vacuole; moreover, enzymes contained 
within live ingested food may act autolytically in the vacuole. Protozoa may 
take in indigestible food and later pass the particles out; certain Protozoa may 
show some selection of food. 123 

Among metazoa, intracellular digestion appears to be correlated with slug¬ 
gish habits, or with feeding on small particles. Extracellular digestion is asso¬ 
ciated with the appearance of mechanisms for internal trituration and the 
chemical breakdown of small particles or molecular aggregates. Extracellular 
digestion appears to have evolved first as an adaptation for dealing with large 
particles, to reduce them to such size that intracellular digestion could take 
over; it is a sort of chemical trituration. The evolutionary trend has been 
toward replacement of intracellular by extracellular digestion. Excellent ac¬ 
counts of the site of digestion are given by Yonge. 190 

In sponges digestion is exclusively intracellular. Among triclad turbellarians 
digestion! is'predominantly intracellular; the large cells lining the gut are 
phagocytic and contain digestive vacuoles in which the breakdown of meat 
can be followed. 80, 181 In the rhabdocoel worms digestion occurs in the 
copious lumen of the gut. In some of the Acoela, the cells lining the gut form 
a syncytium in which digestion occurs; this is possibly an intermediate con¬ 
dition between extracellular and intracellular digestion. 175 Intracellular 
digestion is also predominant among coelenterates, although their gastrovascu- 
lar cavity contains a protease which permits extracellular breakdown of protein 
( Metridium , 26,86 Hydra 22 ). All other digestion is carried on inside the 
^ endoderm (btydra 22 ), of the mesenteric filaments ( Metridium, 
), and of the lining of the manubrium and stomach of medusae. 79 
Similarly in madrepore corals the mesenteric filaments secrete proteases into 
the coelenteron, then absorb polypeptides and complete the digestion in vacu¬ 
oles. 188 In carnivorous coelenterates some digestion probably also occurs by 


autolysis before the food is absorbed into the endodermal cells. In Tardigrada 
and to a less extent in Rotifera and Brachiopoda, intracellular digestion pre¬ 
dominates. 190 r 

Molluscs show wide variety in the relative importance of extracellular and 
intracellular digestion. 190 Lamellibranchs digest protein, fat, and disaccha- 
ndes inside the cells of the digestive diverticula and in the wandering amoe- 
bocytes which are abundant throughout the gut. 181 The amoebocytes 
migrate into the wall and lumen of the gut in clams, charge their bodies with 
food particles, digest them, and make their way again into the tissue spaces of 
the animal. Starch is digested extracellularly by the action of amylase from the 
crystalline style. Among gastropods the prosobranchs resemble lamellibranchs 
m having only one extracellular enzyme, amylase, whereas carnivorous species 
digest also protein and sugars extracellularly. 109 In snails such as Helix 
lacking amoebocytes in the gut, the hepatopancreas or foregut diverticula 
secrete several enzymes and the initial phases of digestion are extracellular 
the final phases occur inside the cells of the diverticula. Intracellular digestion 
is prominent among nudibranchs. 121 

Concurrent intracellular and extracellular digestion also occurs in cdiino- 
derms which secrete enzymes upon food while it is still outside the body In 
addition, amoebocytes are abundant in the lumen of the echinoderm digestive 
system, and cells of the pyloric and intestinal caeca are phagocytic. The arach¬ 
noid Lrnuks carries out preliminary digestion of its prey extracellularly but 
completes digestion in the primitive way in the cells of the digestive diverticula 
Digestion is predominantly extracellular among the Annelida, Crustacea! 
Insecta, Cephalopoda, and Chordata. 199 Digestion is extracellular in all 
classes of vertebrates, but many organs such as liver, spleen, and kidney con¬ 
tain intracellular enzymes which arc capable of hydrolizing foods. Vertebrate 
cathepsms are intracellular proteolytic enzymes. Inside the cells these enzymes 
may function m protein synthesis. It is possible that terminal digestion, even 
in mammals, may be intracellular. From observations on intestinal loops in 
dogs the secreted enzymes arc evidently insufficient to account for the break¬ 
down of peptone, sucrose and lactose; hence it is possible that these substances 

the T*£ Cells where and sucrase are 

cellular A Sll ^ 0rm > Bmbyx, starch digestion is extra- 

cejhdar, and subsequent sugar breakdown takes place inside the gut cells >•* 
The annual groups with extracellular digestion are the most active and by 
many standards the most successful of animals, They have mechanisms fra 
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rapidly than do animals with intracellular digestion, Further, the surface 
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extracellular digestion has evolved several times, it has not always develoued 
simultaneously for different foods in the same animal. ^ 

HYDROGEN JON CONCENTRATION OF DIGESTIVE FLUIDS 

cilaTfast/rrl^T ° f aMl kus of o f ‘ho extra- 

cellular dicestinn A- ^ ^' ^ mon ® most invertebrate animals with extra- 
ceauiar diges ion the various enzymes are secreted together into one chamber 
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enzymes are secreted characterizes vertebrates. Mammals show a definite 
sequence of secretion in both protein and carbohydrate digestion; fish show 
sequential secretion for protein only. 

During the course of digestion, food is subjected to successive changes in 
the medium. This is true even in an intracellular digestive cycle in which, as 
in Protozoa, the food vacuole may change in acidity, water content, osmotic 
concentration, and enzyme content. In extracellular digestion, the various 
glands secrete a variety of acids, salts, and other substances besides enzymes. 
In most animals the hydrogen ion concentration of the digestion mixture 
changes during the course of digestion or during passage along the alimentary 
tract. Specific enzymes function only over a limited pi 1 range and are in¬ 
activated by extremes of acidity or alkalinity. 1 luwever, the pi I optimum of an 
enzyme is not necessarily the same as the pi I in the digestive organ in which 
the enzyme normally functions. 

Table 25 gives some selected values of the pi I of digestive fluid or of the 
contents of different digestive chambers in representatives of several animal 
groups. A more detailed table is given by Kruger . m Food in a digestive 
organ affects the acidity, and the acidity of secreted fluids differs in resting 
and in actively digesting states. A general pattern of acidity changes is indi¬ 
cated, however, in Table 25. 

In mammals food passes through a series of changes in pH. The mouth is 
nearly neutral in reaction, In man under basal conditions parotid saliva has 
an average pH of 5.8, and mandibular (mixed) saliva a pi I of 6.4, although the 
pH may rise as much as two units in response to chemical and other stimuli. 189 * 
The saliva of other mammals is reported to be alkaline, although methods of 
collection have not always excluded loss of CO* to the air. Saliva of the cow is 
more alkaline (pH 8.8) than the regurgitate from the rumen (pH 7.9 ). M 
The copious liquid and the mucin content of mammalian saliva make it a good 
food lubricant. Man secretes 0.5 to 1 liter of saliva per day, and animals on 
dry diets secrete much more; a horse may secrete 40 liters, and a cow 60 liters 
daily; 10,1 each parotid gland of a sheep secretes 930 to 1840 mt/24 hr, m 

In the mammalian stomach the parietal cells secrete HC1 to the extent of 
0.4 to 0.5 per cent (pH 0.91). When diluted with food, the contents of the 
stomach range from pH 1.5 to 2.5 in normal humans. Part of the acid is free, 
more is combined. The acid of the stomach is bactericidal, kills cells of food 
which may be alive when swallowed, and may aid in decalcification of food, 1 * 
Stomach acid also activates the principal gastric enzyme, pepsin, and provides 
an optimal pH for its action, Monotremes lack stomach glands. In ruminants 
the storage portions of the stomach are alkaline, and only the true stomach or 
abomasum is acid. In young chickens the gizzard is more acid than it is in 
adult hens. The stomach contents in frogs are nearly as acid as those in mam¬ 
mals. In the bony fish which have a stomach the gastric pH is not as low as it 
is m mammals, but elasmobranchs have extremely add gastric contents. Stom 
achless fish swallow food directly into the alkaline intestine (Fig. 29, 0). 

Among invertebrate animals the relation of acidity of the digestive tract to 
diet and to the presence or absence of food is even more marked than it is 
among vertebrates. In general the anterior regions of the digestive system are 
nearly neutral or weakly add (Table 25). In mollutcs and »me inkca they 
are acid, but in the earthworm the region of the pharynx is alkaline. The crop 
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of a blowfly larva feeding on meat is alkaline. The mid-gut and stomach of 
many animals is a region of acid secretion (pH 5-6), although in no group of 
invertebrates is the mid gut as acid as it is in mammals, Farther back in the 
digestive tube the pH rises, sometimes to alkaline levels (I aide 25). In many 
molluscs the entire gut is add, the stomach most so, and the gastric acidity is 
controlled in part by the crystalline style. The mid gut fluid is alkaline in 
Irichoptera, Upidoptera, and some Coleoptera, although the mid region 
o the mid-gut of blowfly larvae may have a pH of U Digestive fluids of the 
silkworm areas alkaline as pi 19.5. 188 In corals living in sea water of pi 1 V, 
the coelentenc fluid had a pH in starvation of 7.78; two hours alter fmling 
the pH was 7.05. m 

In free-living Protozoa the pi I of food vacuoles can he followed if food or 
fluid medium is stained with appropriate indicators. CJrmmwd in fiI4 
{Minted out that in Cmhesium the food vacuole is first acid ami then alkaline 
and that most digestion occurs in the alkaline phase. 1 Ins sequence holds lor 
numerous abates; ■» Paramecium reaches tin* highest aridity. M.ist 
followed individual stained food vacuoles in Amoeba pmtem. "» several 
pemriclK, and 1‘mmaim mmtam, "» and i„ ,1,,. |„,| 
tomes Mil won afor ii is formed; while it i, add j„ volume tlmiwv. 
After a lew minutes a food vacuole hrotmes more alkaline and enlarges rapidly. 
It is postulated that products of hydrolysis during the acid phase increase the 
osmotte concentration in the vacuole; then alkaline fluid enters from the 
cytoplasm I he source of the acid is not entirely certain, but there is #**( 
evidence that the vacuolar membrane dues not permit loss of add during' the 
mmai period. Some of the aeid-pwhaps all of it in Amoeba, where the lowest 
pH is 3,5 to 4.U- comes from food organisms contained in tin- vat unit- and 
death of prey occurs m the acid phase. In the ediates such as Pmmmtm, 
where the pH may go as low as 1,4 some acid is probably secietei fry the 
pharynx. As the vacuole swells in the alkaline phase the pH may rise above 
that of the cytoplasm; enzymatic digestion then proceeds. 

. I , ( digestive secretions of most animals arc add in the early and alkaline 
m the late phases of digestion. This general pattern holds whether the ermines 
are secreted together into one chamber or follow in sequence, Variations m.»v 
be correlated with food habits and enzyme complement of different ainmak 

STIMULATION OF 8ECKETI0N OF DIGESTIVE FLUIDS 
When a digestive organ does not contain food, there is usually a low level 
,,niukl f whic ! J h* a Itthrkiifing function, md 
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Inli i mm<) tk % continuum ciliary 

wsjulnon of food or as in continually browsing sc.imigets, the How of 
dg«tive flute! must he continuous, However, in most animal* feeding is 

X™’ 5 re , rifln . ! f el f tec} t( ™ s f* j nd to the presence of M (;| 4IJ »| 
cells can be stimulated by chemical agents in tissue fluids which k\hv them 
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mammalian mechanisms are well described In medical physiology rests, f ss 
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mammals the submaxillary and sublingual glands receive parasympathetic 
stimulation by the chorda tympani nerve, and the parotid gland by the auricu¬ 
la-temporal nerve; in addition the salivary glands are innervated from the 
cervical sympathetics. Both parasympathetic and sympathetic nerves stimulate 
secretion, although the nature of the fluid secreted differs according to the 
nerves stimulated and the glands concerned. Normally there is some contin¬ 
uous secretion, but salivary secretion can be stimulated reflexly by the presence 
of food or other substances in the mouth or by stimulation of other sense organs 
which are associated with food by conditioning. Control of salivary secretion 
is. therefore, entirely nervous. The stimulating action of parasympathetic 
nerves is prevented by atropine, which probably blocks the action of acetyl¬ 
choline liberated at the nerve endings. Pilocarpine stimulates the glands to 
continuous secretion. 

Secretion of gastric juice is stimulated by the vagus nerve and is antagonized 
by atropine. The sympathetic nerve to the stomach may antagonize the vagus 
and may elicit a slight mucous secretion. Reflex stimulation of gastric secretion 
can be elicited by odor, taste, or sight of food; in addition, mechanical stimula¬ 
tion of the gastric mucosa elicits secretion. More important is the fact that 
certain foods, particularly meat, initiate the liberation into the blood of a sub¬ 
stance which stimulates the .gastric glands. This hormone, gastrin, has the 
properties of and may be identical with histamine. Stimulation of the vagus 
nerve causes limited secretion of pancreatic juice, particularly rich in enzymes. 
When the acid chyme from the stomach enters the duodenum, a hormone is 
liberated from the intestinal mucosa; this substance, secretin, carried in the 
blood, strongly stimulates pancreatic secretion. Nervous influence upon in¬ 
testinal gland secretion is slight; the sympathetic are said to be inhibitory, and 
the vagus is said to cause secretion in the absence of influence of the sympa¬ 
thetics, The intestinal glands respond readily to mechanical stimulation of 
the mucosa. A hormone from the intestinal wall, enterocrinin, apparendy 
stimulates the intestinal glands to secrete. Secretion of bile can be elicited by 
impulses in the vagus nerve; certain foods and secretin also stimulate secretion 
of bile from the liver. In some mammals bile is retained and concentrated in 
a gall bladder; liberation of bile from the gall bladder is elicited by a hormone, 
cholecystokinin, which is produced by the duodenal mucosa under the influ¬ 
ence of the acid food mass. The three hormones from the intestinal mucosa, 
SKretin, enterocrinin, and cholecystokinin, differ in their effects, although 
all three have many chemical properties in common (see Chapter 22). 

A progressive series from nervous to hormonal control is evident. Salivary 
secretion is entirely nervous; gastric and pancreatic secretion are nervous and 
hormonal; and secretion of intestinal fluids and that of bile are predominantly 
hormonal. ; 

The control of secretion in non-mammalian vertebrates is known only for 
the stomach and pancreas. Secretion of gastric juice by the proventriculus of 
birds, as by the mammalian stomach, is stimulated by the vagus nerve, also 
y gastrin. In the frog, mechanical stimulation by food or by objects such 
as beads in the stomach causes gastric secretion by a reflex via the sympathetic 
nervous system. Similar sympathetic stimulation occurs if various sensory 
nerves are stimulated in frogs with the central nervous system intact. The 
vagus and vagomimetic drugs are ineffective. There is uncertainty whether any 


hormones influence normal gastric secretion in amphibians, although histamine 
and mammalian gastrin are effective when injected into frogs. 57 > 88 
In elasmobranch fish, as in amphibians, the vagus nerve does not affect gas¬ 
tric secretion. 8 ' “ 3 In fasting skates and dogfish there is a continuous secre¬ 
tion of small amounts of gastric juice; this secretion is inhibited by adrenalin 
or by sympathetic nerve impulses but is not altered by stimulating or cutting 
the vagus. If the spinal cord is pithed, removing sympathetic inhibition, a 
copious paralytic secretion appears, possibly due to vasodilatation. 8 In 
perfusion experiments both acetylcholine and histamine increase gastric 
secretion in elasmobranchs. 188 Gastric secretion is under nervous control of 
the vagus in mammals and birds; in amphibians the sympathetics stimulate, 
and m elasmobranchs the sympathetics inhibit gastric secretion. No fixed 
pattern exists among vertebrates, and a search for gastric hormones in lower 
vertebrates is desirable. Secretin has been obtained from the small intestine 
of birds, turtles, frogs, salamanders, 88 and teleosts and elasmobranchs. 18 

In the earthworm Lumbricus, stimulation of segmental nerves elicits the 
secretion by the anterior intestine of a protease which clots milk, 125 In no 
other invertebrate animal is there evidence for either nervous or hormonal 
secretion of digestive fluids. However, histological studies have demonstrated 
waves of secretory activity in the buccal glands and digestive diverticula of 
snails, and in the digestive diverticula of the crayfish. 87 In the snail 
Helix the cytological changes include elaboration of granules that may be 
stored or may form vacuoles which are liberated into the lumen of the gland 
In starved snails the buccal glands show a small amount of asynchronous 
activity; the digestive diverticula show rhythms in which all the cells work 
sjmchronously. When the snails are fed, both glands become rhythmic and 
show a faster sequence. Feeding is the stimulus to the buccal gland, and food 
m the crop stimulates the digestive diverticula. In Astacus the rhythm of the 
digestive diverticula is paced by formation of new gland cells by mitotic divi¬ 
sion. I he rhythm is slow during starvation but is accelerated markedly when 
food enters the stomach. In several coelenterates, food in the coelenteron or 
in contact with mesenteric filaments stimulates digestive secretion. 11,0 Food 
then, is the ultimate stimulus for secretion of digestive fluids in all animals! 
Ihe manner m which the stimulus is transmitted is known well only for 
mammals. } 


DIGESTION OF PROTEINS 

Proteins during digestion are broken down to their component amino acids 
which may then be absorbed and built into specific new proteins. Protein 
digestion is essentially a series of hydrolyses of peptide linkages; 

f 0 | H Ha H| 0 Rj 

-C-C-Tn-C- +HOH —»• C-C-OH +H i N-C~ 

■A ! h fl A 


i ne classification ot proteolytic enzymes has 
hanged radically during the past fifteen years with better understanding of 
the composition of proteins. In the following account, some features both of 
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the older schemes and of the modern classification of Bergman 18 are com¬ 
bined in a general plan based on that of Baldwin. 0 Proteases differ according 
to the substrates attacked, the optimum pH, and the effects of activating and 
inhibiting agents. 

Endopeptidascs. These enzymes attack central peptide bonds, and may also 
act on smaller molecules than proteins, for example peptones. 

CARBONYL-PROTEINASES. 

(1) Pepsin. Pepsin attacks a peptide linkage between a dicarboxylic and 
an aromatic amino acid if the second carbonyl of the dicarboxylic acid is free 
and if there is no free amino group near the peptide link. That is, pepsin 
requires amino acids such as phenylalanine or tyrosine in the backbone of the 
molecule, attached as in the following example: 

COOH (free carboxvl) . OH 

0 ca I A 


CsHsCHaO-C-HN-CH-CO HN-CH-CO-HN-CHa-CO-NB 


tyrosyl glycine amide 
(aromatic) 


break 

carbobenzoxy glutamyl 

(dicarboxylic) 


Pepsin is usually characterized physiologically by working in an acid medium 
and by being inactivated in an alkaline one. According to Northrup, pepsin 
acts on positively charged proteins. Pepsin is secreted as pepsinogen which is 
activated autocatalytically in an acid medium (HC1). 

(2) Cathepsin I. Cathepsin I, isolated from mammalian liver and spleen, 
resembles pepsin in the specificity of its substrate requirements. However, it 
acts in a medium which is neutral or slightly acid and is activated bv reducing 
agents such as HCN, H 2 S, cysteine, and glutathione. 

(3) Trypsin. Trypsin acts at a peptide link adjacent to arginine or lysine. 
It may attack some other peptide links as well but is identified by use of a 
substrate such as the following: 


NH, 


1 

C=NH 

NH, 

1 

NHj 

CH, 

... | 

1 

(CHs)j , .. 

(CHa), r 

1 1 

1 | 
!-CH-C0|HN-C- 

-HN-CH-CO HN-C- 
! i 


arginine trypsin 
break 


lysine trypsin 
break 


Trypsin is characterized physiologically by acting in an alkaline medium (pH 
to ), in Which most proteins are negatively charged. It is secreted as tryp- 
smogen, which is activated by some specific enzyme (zookinase), such as the 
intestinal enterokinase; once started, trypsin activation mav occur autocata- 
lytically. . : 
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(4) Cathepsin II. Cathepsin II is similar in its substrate requirements to 
trypm but acts >n a weakly acid medium (pH 4.9). It is activated by HCN 
H 2 S, cysteine, and glutathione. y 

IMIDO-PROTEINASE. 

(1) Chymotrypsin. Chymotrypsin is a separate pancreatic enjyme from 
trypsin. It attacks a peptide link with an aromatic amino add on the carboxvl 
side or the link. ^ 


ccH,}, y , 

GHtCHaCONH-CH-CONH-CH-CO 1 - HN~CH s CO~-NH 3 

carbobenzoxyl glutamyl tyrosyl | glycine amide 
chymotrypsin break 

Chrymotrypsin acts in an alkaline medium, pH 7 to 9, and is activated bv 
trypsin or by enterokinase in the presence of trypsin, y 

Exopeptidases. These enryn.es attack termiiui jrptidc links and act laraelv 
on products ol proteinase action, particularly polypeptides. Their pH Ji» 

SVllSangf’ 1 ’' '“' lly A " W “ lmtl T '" Ur,imu "' in »™tra! “ 

OARBOxvpEPTrDASES. A cai'boxypcptidase removes a terminal amino acid 
wtth a free carboxyl group. It is inhibited hy a free amino gram nearby A 
favonte substrate used to test lor carboxypeptidasc is chloracctvltvmsine, Tim 
enzyme is formed m the pancreas of mammals, ‘ ' 

aminopeptidases. An aminopqitidase acts on a peptide bond next to a 
terminal ammo acid with a free ammo group. It is inhibited hy a free carboxyl 
nearby; Leucyidiglycme is often used as substrate to test: for amino{wptidase 


CH> CH. 

\ / 

CH 


H.N-CH-CO -j_ HN-CHr-CO-llIN- CH-COOH 

I Slycyl tyrosine 


subsnate requirement of cathepsin III is similar tn that of aminopepti- 

MPEPnDASES. There may be numerous dipeptidases. Like all other my 

?? 3Ct f com l mnds of series (lam configuration) 
Dtpeptidases break dipeptides into their component amino adds. cLblydn 

Smt “ 
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TABLE 26 


CHARACTERISTICS OF PROTEINASES 



Tissue extracted 

Substratf 

5 pH 


Animal 

or digestive fluid 

tested 

optimum 

Activation 

Protozoa 





Paramecium 118 

food vacuole 

flagellates 

alk. 




etc. 



Paramecium anc 
other ciliates 138 
Paramecium 118 

1 

whole body 

egg yolk 

alk. 

no entero- 


extract 

casein 

7.4 

kinase act., 



gelatin 

4,6 

act. by 

Pelomyxa 83 

whole extract 

fibrin 

acid 

cystein, HCN 

Chaos ,0 ‘ 
Coelenterates 

granules 

casein 

3,75 

not act. cystein 

Physalia” | 

siphons, 

gelatin 

3.0-3.5 


Stomolophus” f 

mesenteric 

(slight) 


Metridium" ) 

filaments 


7.3 (good) 


Acdnian 81 

mes. filaments 
gastrovasc. 

gelatin 

9.0 



fluid 


1.17-1.9 
(no amino 


Anemones 118 

mes. filaments 

gelatin 

N formed) 
8.2 




casein 

8.75 


Madrepore 

gastrocoel. 

albumin 

fibrin 

8.0 

7.1, 8.7 


corals 188 

fluid 



mes. filaments 


5.3, broad 


Annelids 


■ 

■i 

6,5-10 


leeches* 

no protease in ini 

estinal wall if flushed out 


Eutyphoeus’ 

Sabella 1 * 7 

Clestoda 

hepatopancreas 

raidgut 

autodigestioi 

gelatin 

n 7.8 

8.0 


Taenia 155 

worm extract 

gelatin 

8.0 (weak) 


Mollusca 



2.2 (very weak;] 

)' 

VTurex 111 

hepatopancreas 
stomach juice 

casein 

8.2 

7.6 

no act. by 
enterokinase 

Helix 

vivipara 111 

hepatopancreas 

gelatin 

5.5 

or HCN 
act. by 

HCN, HaS, 

Limnaea 181 

Helix, Umax, 
Arion“ 

hepatopancreas 
stomach & 
hepatopancreas 

casein 

peptone, 

casein, 

alkaline 

7,6 

glutathione 

Patella" 

Aplysia r ' 

hepatopancreas 
salivary glands 

fibrin 

gelatin 

fibrin, 

5.6,8.2 

2.8,3.4 


Ostrea 111 

hepatopancreas 

hepatopancreas 

casein 

peptone 

casein 

8,4-94 

4.0,8.5 


Ostrea 1 * 

hepatopancreas 

gelatin 

gelatin 

4.1,8.0-8.5 
37,9.0 



TABLE 26 (continued) 


CHARACTERISTICS OF PROTEINASES 


Animal 

Tissue extracted 

Substrate 

pH 


or digestive fluid 

tested 

optimum 

Activation 

Ostrea 1 " 

hepatopancreas 

casein 

4.0,8.0 


Mytilus 51 

dig. tract 

gelatin 

4.2,8.0-8,5 


albumin 

4.5,8.2 (weak) 

Polypus 118 


peptone 

4,6,7.0 


hepatopancreas, 

gelatin 

4.7,7.8 



dig. juice 



Sepia 110 

liver, stomach 

casein 

6.1 

not activated 


juice 

gelatin 

5.6 

by enterokinase 


pancreas 

peptone 

casein 

6.1 

or cecum 
extract or 

IhS or 
glutathione 
act, by 



peptone 


enterokinase 
& cecum ex- 

Arthropoda 




tract 

Limulus 118 

hepatopancreas, 
stomach fluid 

casein 

>9 

act, by en¬ 
terokinase 





inhib.by 

Peripatopsis 88 

saliva 

casein, 

gelatin 

7-7.5 

HaS 

no act, by 
enterok. 

Calanus* 1 

gut 

whole body 

gelatin 

gelatin 

3.0 

8.Q-8.5 

or HaS 




3.6-4 


Daphnia 88 

whole body 

gelatin 

7.4 


Polyphemus 88 

whole body 

gelatin 

6.5 


Astacus 100 

stomach fluid 

fibrin 

peptone 

6.2 

7.0 


Astacus 100 

stomach fluid 

casein 




gelatin 

6.2 (8.0sl) 




peptone 



Astacus 88 

stomach juice & 

casein 

6.3 (8.3sl) 



hepatopancreas 



Maja 118 

stomach juice & 

casein 

7.4 

no act. by 


extract 


7.2 

enterokinase, 



gelatin 

2.7,6-9 

HCN, HiS 

Blatta 180 

gastric ceca 

fibrin 

7.8 

5.6 



& midgut 



Periplaneta 140 

midgut, ceca 

albumin 

7,5 

weak act. 



casein 

7.5 

by entero¬ 
kinase, 

Periplaneta 1 ” 

midgut, ceca 

gelatin 

7.5 

inhib. in 

HCN 

Bornbyx 1 * 1 

larva 

casein, 

9.5 

Tineola 18 

intest, extract 

gelatin 

casein 

9.3 


Galleria 18 

intest, extract 

casein 

9,6 


Galleria"* 

midgut 


7-7.6 
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TABLE 26 (continued) 


CHARACTERISTICS OF PROTEINASES 


Animal 

Tissue extracted 
or digestive fluid 

Substrate 

tested 

pH 

optimum 

Activation 

Cyprinus 

(carp) 188 

pancreas 

fibrin 

8.75 

Act. by 
enterokinase 

Plaice 16 

stomach 

casein 

1.5-2,5 

Frog 1 * 

stomach 

pancreas 

fibrin 

fibrin 

2.2 

6-8 


Testudo 1M 

stomach 

fibrin 

2.2 


Pig 163 

stomach 

fibrin 

1.7*2.5 


Mammal 18 " 

purified pepsin 

casein, 

gelatin 

hemoglobin 

1.8 

2.2-2.4 

Acid act. 

Mammal 118 

purified 

cathepsin 

4.0 

HCN act, 

Mammal 188 

purified trypsin 

casein 

gelatin 

fibrin 

8.2-S.6 

7-8 

8.6-9,2 

Entcro- 
kinase act. 


The proteolytic enzymes of tissues (cathepsins) have not been characterized 
except for the mammalian liver and spleen. In fact little separation of pro¬ 
teases has been made by substrate. Hence for practical purposes we can dis¬ 
tinguish proteases with low pH optimum (pH 1.5*3) as pepsins, those working 
in an alkaline medium (pH 7*9) as trypsins, and those with a weakly acid 
optimum (pH 4.5-6,5) as cathepsins. This implies that there are both intra- 
ce u ar and extracellular cathepsins; those known from vertebrates are intra* 
cellular, the pH optimum has little meaning without a statement of the 
substrate, since with certain substrates the optimum is lower than with 
others. 180 


Rennin is an enzyme which clots the milk protein casein (paracasein). Some 
proteolytic enzymes have a rennin action. However, there are probably specific 
rennins, as in the stomach of infants, distinct from pepsin. 

Distribution of Proteinoses. Proteolytic enzymes have been detected in 
tissue extracts and digestive fluids of many animals. Selected data are sum¬ 
marized m 1 able 26. Several generalizations are evident from this table. 

An enzyme extracted from glandular tissues is essentially the same as the 
enzyme from the lumen of a digestive organ into which the glands secrete. 
I his has been shown for the hepatopancreas and stomach fluid of Litmdw ,«• 
Astacus, and and is well substantiated for pepsin and trypsin in 


Cathepsm is an enzyme hydrolyzing proteins in the range of pH 4.5 to 6.5 
and activated by H a S, HCN, or cysteine. It occurs in digestive fluids and 
digestive glands of many invertebrate animals. This type of protease has been 

rs np r^r h>m 

. m u Severa echinoderras ' specially Distohterim (Fig. 

° I” l ? H 0phma F*®' one in weak ^ d ** a cathepsin and 
the other in the alkaline range for a trypsin (Figs. 30 and 31). Catheptic 
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digestion is indicated by pH optima in other animals as well (e.g. lamelli- 
branchs). 62 - m Trypsin may be inhibited by agents which activate cathep- 
sin. Cathepsin has not been reported for any insect except from the crop and 
mid-gut of dragonfly nymphs (Table 26). 


Fig. 30. Digestion of gelatin by pyloric caeca of starfish at different hydrogen ion 
concentrations, with and without cyanide. From Sawano. 147 


f\ S T’ such « several 
Others, such as the trmsin .( V ™ ^ mammalian enteroldnase. 

ate not activated S, TT*"' «“«>’“ and Maj ,«,*>» 
eu »y anterokinase. The few attempts to hud activating agents 


Feeding and Digestion 


165 


in tissues of the animals in which the trypsin is produced have not ben very 
successful. The pH optimum for trypsin is not always 7.5 to 8.0. A.protease 
acting at about pH 6.0 and activated by enteroldnase has been reported for 
Sepia ; 140 this needs confirmation. In two crickets trypsin has a broad optimum 
with a peak at 6.2. In the silkworm the optimum is pH 9.5, 11,4 and in wax 
moth and clothes moth larvae the optimum is above 9,0. 48 A similar high 
optimum is found for Limtilus trypsin. In the clothes moth tire gut fluid has 
a very low oxidation-reduction potential and contains a strong reducing sub 
stance without which the trypsin cannot attack the disulfide bonds of kera¬ 
tin. 10fl Trypsin reported from pyloric caeca of fish probably comes from 
attached pancreatic tissue. 

The hydrogen ion concentration at which proteolytic enzymes function in 
an animal is not necessarily identical with the pH optimum of the enzymes. 
In Paramecium, for example, proteolytic digestion occurs in the alkaline or 
near neutral phase of the gastric vacuole. 118 - 128 Yet the cytoplasm contains 
a protease with maximum activity at pi 1 4,6. 148 In snails the pi 1 optimum 
of the trypsin is much above the pH of the mid-gut. 112 Similar differences 
are found in Astacus, Litnulus , and Polypus, In the lish Km the pi 1 of the 
stomach contents varies with the food; it averages 5.2, whereas the optimum 
pH for fish pepsin is 2.2. 1(18 Vonk suggests, however, that at the surface of 
food particles where the enzyme is acting, the pH may he lower than the mean 
pH of the whole food mass. 

Pepsin is characteristic of vertebrates only. Reptrts of proteolytic action in 
very acid solutions by tissues of eoelentcraies *' (l < HJ and Ihmmt :I2 arc not 
convincing and probably do not indicate a true pepsin but rather a cathepsin. 
This also seems likely for proteases acting at pH 3 to 4 as in Peripatopsis** 
and in a copepod. 1 he prochordates and mictopliagous cyelostoines lack a 

stomach and have no peptic digestion. 14 Beginning with the jawed carnivor 
ous fish, dasmobranclrs, and bony lish, peptic digestion occurs in the stomach, 
The pepsin of all vertebrates appears to Ire similar, 171 and crystalline trypsin 
from the tuna 1,18 resembles that from mammals, In several groups of teleosts 
the stomach is lacking (Pig. 29, D), and no pepsin is found, for example, in 
Fundulus. n Acid and pepsinogen are secreted by different cells, and the 
parietal cells (acid-secreting) may be located in different regions from the 
chief cells (pepsin-secreting). In the frog pepsin is secreted by the esophagus 
and upper stomach; hydrochloric acid is secreted by the lower (pyloric) sNn 
ach. In birds'such as the chicken the glandular stomach or proventricuius 
lies between the crop and the grinding gizzard and secretes HCi and pepsin’, 
ogen. I he crop is somewhat add (pH 5.0), but most peptic digestion occurs 
m the muscular gizzard. « The gizzard contents are less add in an adult 
(pH 3.1) than tn a young chicken (pi I 2.7 in 23 day chicken). 172 
It is difficult to compare the amount of proteinase from different animals. In 
general, proteinase is more active in carnivorous than in herbivorous animals. 
Proteinases are very weak in lamellibraneh and herbivorous gastropod molluscs 
and in tunicates, 1 " 0 but are powerful in coelenterates, echinodcnm, and 
cephalopods. In carnivorous insects such as cockroaches proteinases are strong 
whereas they are weak in herbivorous insects, IW 

^? iS T? Ut i 0n of . Pe P tidases< Exopeptidases are widely distributed (Table 
27). I hey have a broad pH optimum in the low alkaline range. In mammals 
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TABLE 27 

CHARACTERISTICS OF EXOPEPTIDASES (POLY- AND Dl-PEPTIDASES) 


Animal 


Trypanosoma 


Amoeba® 

Chaos 101 

Paramecium® 

Paramecium 118 ) 


Didinum** 

Coelenterata 

Actinia 81 

Annelids 

Haemopsis 

(leech) 80 

Mollusca 

Murex 111 


Tissue extracted 
or digestive fluid 


cytoplasmic matrix 
cytoplasmic matrix 
whole body 
whole body 


whole body 

mesent. filaments 
gastric fluid 

intest, wall 


Helix 511 

Helix, Limax, 
Anon® 
Polypus 118 


Sepia 11 


Arthropods 

Limulus 118 

Peripatopsis 8,1 


Daphnia" 


Astacus® 

Astacus 1181 

Maja 118 


midgut glands 
entire tract 
esoph. glands 
crop juice & 
hepatopanc. 
stomach juice, 
hepatopancreas 
crop juice, all 
tract but ant. 
sal. gin. 

all tract but ant. 

sal. gin. & crop 
entire tract 
liver 


pancreas 


hepatopancreas & 
stomach juice 
saliva 
gut 


whole body 

gastric juice 
gastric juice 
& hepatopanc. 
gastric juice 
gastric juice 


Substrate 


leucyldiglycine 

Rlycylglycine 

alanylglycine 

alanylglycine 

alanylglycine 

glycylglycine 

chloracetyltyrosii 

leucyl-glycylglyt 

alanylglycine 

glycylglycine 


glycylglycine 

leucyldiglycine 


leucyldiglycine 

diglycine 

leucyldiglycine 

leucylglycine 

chloracetyltyrosine 

leucyldiglycine 

diglycine 

leucyldiglycine 

glycylglycine 

chloracetyltyrosine 

leucyldiglycine 

glycylglycine 

glycylglycine 

chloracetyltyrosine 

leucyldiglycine 

leucyldiglycine 

chloracetyltyrosine 

leucylglycine 

leucylglycine 


glycylglycine 

leucyldiglycine 


pH 

optimui 

n Enzyme 

ic 4.49 

carboxypept. 

8.4 

aminopept. 

7.8 

dipeptidase 

7,4 

dipeptidase 

7.4 

dipeptidase 

7.47.6 

dipeptidase 

8,0 

dipeptidase 

e 7.0 

carboxypept. 

inc 6.77.7 

aminopept. 

7.47.6 

dipeptidase 

8.24 

dipept, 

7.8 

dipept. 

8,0 

aminopept. 

: 7.8 

carboxypept. 

' 7.6 

carboxypept. 

8.2 

aminopept. 

8.2 

dipept. 

7.6 

aminopept. 

7.3 

dipeptidase 

8.F8.3 

| carboxypept. 

7.77.9 

aminopept. 

79.8.6 

dipept. 

8.2 

aminopept. 

8.2 

dipept, 

5.5 

7.7 

carboxypept, 

aminopept, 

7.8 

dipept. 

8,2 

dipeptidwe 

7.0 

carboxypept. 

aminopept. 

all done 

aminopept, 

at 7.0 

carboxypept. 

dipept. 

done at 

di', amino-, 

7.8 < 

carboxy-, pept. 

7.5-9 i 

dipeptidase 

7.3-8 i 

sminopept. 

9.0 ! 

iipeptidwe 

8,2 i 

iminopept. 

8.4 < 

dipept. 
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TABLE 27 (cmtmwdi 

CHARACTERISTICS OF F KOBE f*TW ASKS (POLY AND DlPHUMSh'! 



Tissue extracted 


pH 


Animal 

or digestive fluid 

Substrate 

optimum 

Knit ene 

Bombyx* 

larvae 


HO 

dipept 

Cardbus & other 




beetles* 

crop, gut, malp. 

Irsit yhbglvc. 

done «t 



tubes 


7A 



midgut 

tliloratetylglvi 

70 

weak e.atb'Sf'prpt 


midgut & elsewhere diglycroe 

done at 

7,9 

strong ihjrpt, 

Crickets* 

crop. m:a 

leuiylglycvlglyiiur 

sironjtt »wirti;*|ie|g, 


malp. tubes 

chloraiefvhyfinirir 


weal r#iW**i* i pt. 


diglycine 


imajrtate dipept. 

Periplaneta* 

gut, max, 

glyrvlglycroe 


t|i(W'}*tn{avr 
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in the starfish. 147 In some insects the carboxypeptidase is relatively weak, 
compared with the aminopeptidase and dipeptidase. 150 The dipeptidase of 
Amoeba proteus is found in the cytoplasmic matrix. 70 The dipeptidase of 
Didinhm is similar to that of its prey Paramecium, and the amounts are addi¬ 
tive when Didinium is feeding; hence the dipeptidase of this animal is prob¬ 
ably derived directly from its food. 40 In some trypanosomes the pH optimum 
0 carboxypeptidase is lower than the optimum of other peptidases. 08 The 
peptidases are relatively similar in all animals, and carboxypeptidases often 
occur separately from aminopeptidases and dipeptidases. 

DIGESTION OF CARBOHYDRATES 

Plants synthesize a vast array of carbohydrates. Animals can break down 
some or these and can modify a few of them synthetically. 

Nature of Carbohydrates and Carbohydrases. Carbohydrates are hydrolized 
to monosaccharides, mostly hexoses (Carbon sugars), less often pentoses 
and rarely tetroses trioses, and dioses. Hexoses can be pictured as carbon- 
oxygen rings with side groups attached in a variety of patterns. All the natural 
sugars used by animals are D-sugars. However, a o-sugar may exist in two 
isomeric forms, of which the «-form is more strongly dextrorotatory than the 

nwT t'TT 0 

OH on carbon No. 1 and is represented as follows: 
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A classification of glycosides commonly used as subs rates, that is, natural 
disaccharides and glucosides with their monosaccharide components, follows: 

a-glucosides: 

«-maltose~ ) 2 a-glucose 

sucrose^«-glucose -f /1-fructose 

a-methvl glucoside-Vglucose -f- methyl alcohol 


/f-glucosides: 


a-galactosides: 


cellobiose-^/f-glucose -j- glucose 
salicin-^/l-glucose -j- saligenin 
/9-gen tiobiose~>2 j8-gluco.se 
/1-methyl glucoside^/f-glucose -j- methyl alcohol 

melibiase 

raffinose I— ^a-galactose-f sucrose 


c *«-melibiose *f fructose 
or-melibiose-^galactosc -|- glucose 
“-methyl galactoside^ft-galactose -f methyl alcohol 


^-fructose (fructofuranose) 


/J-galactosides: 

/l-lactose-^/l-galactose-f-tt-glucose 
/1-mcthyl galactoside->/?-galactose -f methyl alcohol 
y8-fructosides (fructofuranosides): 

sucrose*-^-fructose -j- «-glucose 
r affinose f -fr u c to.se -(-«-rn c 1 i hi ose 

Polysaccharides are highly polymerized carbohydrates which occur in great¬ 
est variety in plants as stored food anti as structural elements. The most im¬ 
portant storage carbohydrate is starch and its animal homologue glycogen. 
Starch and glycogen are complex molecules built of a-glucoside units together 
with small amounts of other compounds. Starch grains are digested by animal 
amylase (diastase) only if boiled or broken mechanically, or if the coating 
amylopectin of the starch grains is broken. In the course of digestion a series 
of dextrins are formed, with maltose split off at each step. Glycogen can be 
hydrolyzed by the same amylase that splits starch; reports of a separate glyco- 
genase are questionable. 

The most important structural polysaccharide of plants is cellulose, which 
makes up the bulk of plant cell walls. This is built of chains of /i-glucoside 
units, is much less soluble than starch, and is resistant to boiling and mild add 
treatment. Many microorganisms and a few metazoa have enzymes which can 
attack cellulose. Perhaps the reason most animals are unable to digest cellulose 
is that their glucosidase and amylase act only on «-compounds. A few animals 

"Sucrose can be attacked from the //-fructose or the atglucose end. The best known 
sucrase is from yeast and is a fructofuranosidase, whereas animal sucrase is probably an 
tt-glucosidase, 

fRaffinose is a trisaccharide which can go to galactose plus sucrose by the enzyme 
melibiase or to melibiose + fructose by yeast saccharase. There is lack of agreement m 
to whether animals attack raffinose with an o-galactosidase or with a /Hractofuranosidase. 
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appear able to synthesize cellulose; the test (coat) of several tunicate* (Phalfa 
m and Molgula) contains a structural carbohydrate which appears to be 
identical with plant cellulose. ,l#i ,r ’ 7 

Another polysaccharide which is synthesized by some animals and plants is 
chitin. This is a nitrogen-containing compound which is split by chitinase to 
acetyl-glucosamine, Very few animals possess chitinase. Several other plant 
polysaccharides arc occasionally digested by animals, These polysaccharides 
include lichenin, pectin, xylan, inulin, and others. 

Carbohydrases illustrate well the various types of sjwcilicity of enzymes. 158 
(1) Absolute or type specificity is shown by enzymes attaching different 
members of a class. Amylase attacks starch, dextrin, or glycogen. Disacchuri 
dases are effective only on small carbohydrate polymers, CJlucosidascs are 
probably distinct from gaiactosidases. (2) Stereochemical specificity is shown 
by the fact that an enzyme such as rnaltase attacks many « glueosidcs, whereas 
/f-glucosides are attacked only by /iglucusidases. (A) Relative specificity nr 
specificity within a class is shown by the different rates at which a given n or 
4ghicosida.se attacks various substrates within the class specified. 

'The best known carbohydrases are from plants and especially yeasts, in 
which these enzymes occur in great variety. Animal biochemists have been 
concerned more with the enzymes of carbohydrate utilization (intermediary 
metabolism) than with those of carbohydrate hydrolysis (digestive metab¬ 
olism), In general, carbohydrases are not restricted to a very narrow pi 1 range, 
but for the most part they function near neutrality. 

Distribution of Polysaccharidases. The majority of mammals have a pan- 
creatie amylase which attacks starch and glycogen, and intestinal enzymes 
acting on maltose, sucrose, and lactose, Probably the same enzyme acts on 
maltose and sucrose, hut at different rates. Most investigations of carbohydrases 
m digestive fluids and tissue extracts of other animals have been limited to the 
few substrates which are used by man, However, the mimher of carhohvdrascs 
o many invertebrates, although not so great as the number of carbohydrases 
of some bacteria, yeasts, and fungi, greatly exceeds the number of enzymes 
found m mammals, Data on those animals which have bam studied with 
respect to various carbohydrate substrates are given in Tables 2B and 29. 

Starch Digestion, Animal amylases are «-glucosidases. The amvloiytic 
activity of three protozoans diminishes in the following order; Amoeba > 

Pwmra > Frontonia. ** An extract of Pelomyxa yield* an active my 
ta. "< However, Mast states that Amoek proteas cannot di K «< starch if t 
as not ingested live food recently, and that the amoeba takes over the amylase 
from such organisms as Chlomonas, on which it preys. In coelenterate* 
amylase acts intracellularly in mesenteric filaments and may be optimal in a 
Shgh y ac, medinm.... In annelids extracellular amKZ fo 
stomach and intestine. Sabelk digests starch and glycogen best at pH 6.8.»« 
Starch is said not to be digested by rhabdocoel fiatworms. » 7 * In madrepore 
corals which contain symbiotic zooxantheliae in the mesenteric filaments, 
there is in the symbionts a weak amylase with pH optimum at 4.75; the coral 
may in addition have a g ycogenase with a pH optimum at 6.5. 188 ’ 

Herbivorous molluscs have an active amylase, in either the hepatommereas 
or style, or m both. Amylase is found in salivary glands of Aptym^ anc j 
Lmnaea, Also the amoebocytes of the digestive tract of the oyster can 
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digest starch anti glycogen (pH optimum of extract of the amoebocytes is 7.0), 
and several sugars. m All lameilibraiiehs and most herbivorous hut no 
carnivorous gastropods have a crystalline style which is an albuminoid mass 
saturated with amylase, sometimes also containing a weak maltase, m This 
style is secreted by the style sac (Fig, 29, A); it may be dissolved or re-formed 
in less than an hour, m and is lost from dams kept in air. ‘Hie style is pushed 
forward by cilia in the style sac, and the tip wears against a gastric shield which 
protects the gastric mucosa ,w or aids liberation of amylase. »«> m The pH 
optimum of style amylase is; for (him 5.942, »« Palm 6.2, fl;! Mactm 
and Mya 6,5-7.0, The pi f curve for amylase of the style of Mytilm shows 

a broad optimal range with peaks at 5.9 and 6.9 cm starch and at 6,24 on 
glycogen, 51 The amylase of the style of (him ms best at 6.0, whereas that 
of the digestive diverticula is optimal at pf 16.4, In carnivorous gastropods 
the style is absent and it weak amylase is present in the hepatopancreas, 

Amylase is present in gastric fluid and extracts of the hepatojiaricreas of 
Crustacea. 28 ' 1N ' ,wt It is reported Irom the saliva of Pefipatopsis, n Amylase 
is found in secretions of the mid gut, chiefly from the caeca, of many insects, 
and in salivary secretions of some such as the cockroach Blma , ,WQ The 
tsetse fly Glossim has as its only carbohydrate a weak amylase in the mid-gut, 
whereas a non blood-sucking fly C tulliphora has active amylase in both salivary 
and mid gut glands. ,7M Amylase has been found in the mid-gut of honeybees 
by some hut not by all of those who have looked for it. Starch solution is not 
drunk in quantity by bees unless combined with sweet syrup, boiled soluble 
starch can be hydrolyzed in the digestive tract, 107 and bees certainly utilize 
the starch in pollen, I he amylase of most insects acts in a slightly aid medium, 
hut an amylase in the silkworm has an optimal pH of 9,6 or higher, lM 

Hie caecum of Amphioxus secretes an amylase with pi 1 optimum of 7.0, 16 
All vertebrates have an active amylase in the pancreatic secretion. Hepatic 
amylase occurs in the bile of chickens, sheep, and cattle. « Among mammals, 
a salivary amylase is found iri man, ajws, elephant, and pig, Its occurrence is 
doubtful or slight in rodents, dogs, and several ungulates.Salivary amylase 
is generally present in birth and a trace occurs in frogs, 171 f 4man salivary 
amylase has a p! 1 optimum of 6,2, contrasted with an optimum of 6.8 7.1 for 
pancreitic amylase, 

It is probable that all animal amylases are similar, despite slight differences 
m pH optima. All appear to be «amylases. The animal amylases are activated 
by Cl ions (in NaCI) and lose their activity on dialysis. « Hydrolytic 
digestion of glycogen is brought abut by amylase and there is probably m 
specific giycqgenase. 

Cellulose Digestion, Enzymes which attack cellulose have evolved imfc- 
pendently in several diverse group of organisms. Digestion of cellulose by 
putrefactive bacteria and fungi is well*known, but ceilulasc has not been 
studied in any free-living Protozoa, except Vmpyrdh However, several 
groups of parasitic Protozoa can digest cellulose. 

! iavt * ® BUD ^ ' m ^8®dve extracts of earthworm*,, some sails 
[Hm and Urnmea), and the wood bring bivalve Teredo. Extensive studies 
of the kinetics of Helix ceilulasc were made by Karrer, 87 and the difference 
torn plant cellukre was pointed out. m Wood contains various wbohy 
drates, cellulose, hemicellube, lignin, south, and supra, and wood-dwelling 
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animals utilize different compounds. In the digestive tract of Teredo wood 
loses 80 per cent of its cellulose and 15 to 50 per cent of its hemicellulose. 30 - 44 
1 he nutrition of wood-boring insects is summarized by Wigglesworth, 179 
and Mansour and Mansour-Bek, 111 and data for beetles are given by Man- 
M.ur and Mansour-Bek, 112 Ripper, 139 and Parkip, 132 and data for term¬ 
ites by Cleveland 3N > 40 and Hungate. 7:> Wood insects can be grouped into 
several categories: (1) In some-Lyctidae, or powder post beetles, and Bos- 
trychidae—only the stored food, starch and sugar in wood is used, and the 
cellulose is unchanged in the digestive tract; these insects contain no micro¬ 
organisms which can act on cellulose. (2) The bark beetles (Scolytidae) 
consume the cell contents of the wood and can also digest hemicellulosesv 
Other specific compounds are digested by other insects, as xylan by the Ceram- 
bvcid larva Phymatodes, 111 ' 11 -’ (3) Numerous Cerambycidae and Anobiidae 
do digest cellulose. These insects, which either lack organisms that can digest 
cellulose or else have them at early stages and then lose such organisms, have 
true cellulose in their own digestive secretions and can attack heartwood 
which is low m sugar. (4) Several groups of insects harbor in their digestive 
tracts bacteria and flagellate Protozoa which can digest cellulose. Larvae of 
amellicorn beetles have in the proctodaeal chamber of the digestive tube 
bacteria which can split cellulose, and flagellates which cannot do so. In three 
families of termites and in the wood-feeding cockroach Cryptocercus the 
hind-gut is laden with bacteria and flagellates. 38 - 39 - 40 A cellulase can be 
extracted from the hind-gut contents; the insects can live well on pure cellu¬ 
lose. I he protozoan fauna can be removed if the host animals are incubated 
starved subjected to high oxygen tension or high temperature, and after 
detaunation (but while still possessing bacteria) the termites or roaches die 
m a few days or weeks on a diet of cellulose. Such defaunated termites can 

^ 8 fl“ C °ii 01 “ “l 0se P f ii8l5ted fl “8 us .«if the Protozoa are 
estored. The flagellates produce glucose from cellulose in mass culture and 
live on purified cellulose as the exclusive carbohydrate. “» Particles of wood 

lown fc,t W J ‘ 8eS ‘1 “4* ‘ he proto2 °“- The *> produce 

’“‘•““I 31 y ” dc ^ meaW ™ « anaerobic. " 
amily of termites bacteria are the organisms acting on cellulose There 

5“I*? T.TT whether ,he ten ” ites dahe their nourishment from 

f A fr °” tlie8l " coseformed - “ or from the lower 
atty acids Current evidence favors the fatty adds as being the most 

mpm. Termites survive but do not mature and reproduce on cellulose 

animaIs symbiotic microorganisms also digest cellulose The 
WE?: m not digest cellulose. 

safeiSa-ffBsrsS? 

animals "hit nomurtdonuTdS^ 
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ried out by the bacteria of the rumen, and the ciliates are commensals rather 
than symbionts. 92 The bacteria produce some sugar and large amounts of 
volatile fatty acids, particularly acetic' and propionic. 50 At the peak of 
digestion the rumen of a sheep may contain 6 to 9.7 gm. per cent of fatty acid, 
compared with 0.269 gm. per cent in the dry food; these products of bacterial 
action can be absorbed from the rumen, as shown by blood analyses. 116 They 
are . also absorbed in lower regions of the digestive tract. In addition, any 
organisms, bacteria or Protozoa, which pass into the abomasum or true stomach 
are instantly killed by the acid medium and are then digested by the enzymes 


TABLE 28. DIGESTION OF POLYSACCHARIDES 
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of the host animal. 8 In nonruminants, such as the horse, the caecum contains 
a wealth of bacteria which’ break down cellulose; absorption from the caecum 
seems not to have been studied. Even in man some hemicellulose 73 and 
pectin 91 are digested by organisms of the large intestine, but it is assumed, 
although not proved, that the products are not absorbed. 

The rare occurrence of cellulases among animals may be correlated with the 
rarity of /Tglucosidases. As shown in Tables 28 and 29, each animal which 
has a cellulase probably has also a /3-glucosidase, and animals which digest 
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starch can also digest a-glucosides. It is likely that the stereochemical specificity 
of the enzyme which attacks the polysaccharide is similar to that of the enzyme 
which attacks the sugar, No vertebrate has evolved a cellulase of its own, and 
none has a /?-glucosidase. Certainly the discovery of a way to introduce and 
maintain cellulose digestion in the human digestive tract would go far to 
circumvent the situation postulated by Malrhus. 

Other polysaccharides than starch, glycogen, and cellulose are not much 
used as animal foods. In its carbohydrases the snail Helix is the most versatile 
animal of those which have been studied (Table 28). Some early reports of 
widespread digestion of inulin, pectin, and ehitin require authentication and 
are not included in Table 28. It would be interesting to know if all animals 
which digest inulin also have a /M'ructosidase. Lichenin is digested bv many 
invertebrates-sponges, earthworms, crayfish, tunicates, 8:1 mid many insects, 
150,184 but probably not by any vertebrates. 

Distribution of Glycosldases. Disaccharide and trisaccharide sugars must 
be broken down to their component hexoses before they can Ik* absorbed. The 
number of animal enzymes is limited, compared with’the number present in 
plants; these enzymes show stereochemical specificity and it is probable that 
several sugars of one type are digested hv the same enzyme. Table 29 shows 
the distribution of glyeosidases, as indicated by the sugars digested or utilized 
by those animals in which a series has been tested. Malta** (e glucosidase) 
is more generally distributed than any other carbohvdraso. in combination 
with amylase or separately, Sometimes a weak maltase occurs with the amylase, 
as in human saliva or in the crystalline style, and a stronger maltase elsewhere 
as in the human intestine or in the molluscan diverticula. Malta**, like other 
hexosidases, has a broad pH optimum, usually weakly acid, pH 6 to 7. The 
pH optimum for the maltase of several molluscs and crustaceans is lower than 
lor vertebrate maltase. In the silkworm the pH optimum for intestinal maltase 
is 6.8, whereas the pH of the intestinal contents is very alkaline, pi 19.5; hence 
* li starc ’k is to maltose in the lumen (amvlase optimum 

' , that % stion b y m altase is completed inside'the epithelial 

cells. Mammals have a strong intestinal and an extremely weak pan- 
creatic maltase, whereas in fish and frogs there is a strong pancreatic maltase; 
reptiles have more active intestinal maltase. 

, suc f e (weeharase) is an a-glucosidase; veast sucrase (invertase) 
is a /Mructosidase, Maltase activity and sucrase activity go together, and the 
pH optima are identical or closely similar. There may be differences in the 
rates at which the two substrates are attacked. Separate enzymes attacking 
mall® a „d acrose have not ken isolated from any animal, and it ,5 entirely 

t e s “ e on both sugars, >•> Existence of such 

ctiv ty rs rendered more probable by the fact that when one rglncoside is 

SdnSiSf-S? ° r di8 “ tiTe fluid ’ ° thcf “• 8ll,c “ itl<B m * 

tacJted {.table 29) The few exceptions noted were reported in older observa 
ions (e.g., on pulmonate,** on Chrysops,"' and on /lpi."»), and these 

prlthaZS “ ° f ,k * 0,ite *» is *** 

Other sugars are not so universally digested. Lactose is digested by a 
^galactosidasein the mammalian intestine but is said not to be digest Jin 
the intestine of turtle or car, - Lactose is not digested by some crustacean 
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and insects (Table 29). It is not clear whether rallinme is digested m animals 
by an « gtdaetosidase or by a # iruetuxidiise, thhough observations on blow* 
Hies M indicate the enzyme is an » galaciosuW. ibis sugar is digested bv 
some molluscs. 

Table 29 shows that the sugar digesting enzymes <4 various animals are not 
the same and that, except for maltose and sucrose (prohablv ail« giucmides), 
no group of sugars is used by all animals. Present limited data indicate that 
disacchuridases occur by stereochemical classes and that the utilization of 
sugars can Ire accounted for by relatively few enzymes in any tine group of 
animals. Tor example, the utilization of r ight out of twelve sugars by blowfly 
adults can he accounted for hy postulating an » glueosiduse and an « galaetosi 
ditse hut no /fglueositlase or/I gahietosidase. M in mammals only an « glucose 
(lase and it /i galaetosidase are used. 

Sugar digestion may change with age. I loneybee larvae un use lactose/ 1 
adults cannot. m Sitr rase first appears in the pharyngeal ghoul of the worker 
l>ee when it starts foraging, and it then increases very greatly. H l arvae of 
numerous moths and butterflies leave sut raw in addition to a lipase and pro 
tease in the mid-gut, whereas those adults which suck nectat have salivate anti 
mid gut sucrose but no other digestive enzymes, while nonfmlittg moths have 
no digestive enzymes whatever. m - m Sugar digestion is weak in eainivor 
ous animals. Tor example, the blond mu king twin* Hv (/orsops has mi s.divan 
carbuhydrases ami lias amylase and suerase only in the stomach fmsfnior mid 
gut 5, wJiereas the closely related non hit Kn! mu king f ul/iphow has arm law* in 
the salivary glands and active amylase, maitase, and suerase m bah anterior 
and posterior mid gut, m 

(.arlxihydrates are nltsorlx’d as monosaccharides. Tati *4 the sugars in mam 
mills, at least, must In* phusphorylated in the intestinal wall kloio they are 
transferred across the mucosa and into capillaries. Sugars then pass to tire liver, 
where they may k converted to glycogen for storage. 

DIGESTION OF PATS 

Tats are hydrolyzed hy the action of lipases to fatty acids and aicofiuk 
Neutral fats consist of higfier fatty acids linked to the ifdtvdtif alcohol 
glycerol: 

o n 

j . i 

n t:o1 n H 

1 f 

O | l.jwe 0 HO Ji 

R~C*4M)~4I JR-i-OH 4 HO i M . 

0 | HO-lift 

n c o c n t! 

H 

where R refers to the chain of fatty add such as palmitic, stearic, or oleic acid. 
Neutral fat (triglyceride) can be abwkd without hydrolysis in some animals. 
Lipases, at least the extracts of them which have been prepared, are not highly 
spaifie as to substrate. They are generalized esterases and will attack most 
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organic esters; the aciil can k a short chain like acetic or a long chain like 
stearic, and the alcohol can he short or long chained, monohydric or jxdy- 
hydrie. l ipases do show some stereochemical specificity, however." In mam- 
mals waxes are not usually digested. Upases can be tested by measuring the 
acid produced from such substrates as-olive oil, trihutyrin, or ethyl butyrate. 
Upases are inhibitetl by aldehydes, cupric, mercuric, and ferric ions, and by 
certain anions, and are activated hy some reducing agents. 1,111 In vertebrates 
the action id pancreatic lipase is enhanced hy Idle salts, sodium glycoeholate 
and sodium lauroehulafe. Bile salts activate lipase and also facilitate emulsifi¬ 
cation (4 fats, thus increasing the total area of oil water interlaces at which 
lipases can act, If the bile duct is cut or occluded, fat digestion continues but 
is retarded. 

In Protozoa fat digestion appears not to k very active, hit from ingested 
dnlpidium is digested by Amoeba pro fens. n " In Peltnnyxa ingested or 
injected fat disappear s and stained fatty acids can lie seen to pass out from 
vacuoles into the cytoplasm, where they may lx* synthesized into neutral fat; 
hence lipases are present in this animal. 

Tat digestion does not occur in the gastrovascular cavity of Hydra, * s hut 
a lipase is present in this cavity in Actinia. "■ 1 bnvever, fat droplets may 
be alisoib-d hy I hdm, and lipases have ken extracted from several coelenter 
atcs,'* H) Rhalxlneoci tuil»*ilatiaiis digest fat rapidly. m 

i he liepatopam reas of molluscs seeretes or contains a lipase which is active 
at a pi 1 slightly altuve 7,0 in Alya, lH * (.him, m ami Mylilux, 11 ami there 
is an active lipase in Helix (pi I 6.(1/"' 1,5 and in Aplysk 11 In Sepia both 
the stomach juice and an extract of (be liver contain a lipase with a pH 
optimum, at 6,0, whereas the pancreatic lipase works k'st at 635. m In 
annelids the lipases are less important than they are in molluscs. A lipase (pi 1 
optimum K.2S.4) is juesent in the leech llucimpsis, hut not in 1 Uriah 4 

At'ihmpfub make good um; of fats. In the crayfish a lijtase is active on 
luethvlbufyrate and olive oil over a broad pi I optimum of 5.5 to 7.0, and the 
stomach juice contains a hit-dispersing agent. 170 lixtraers of Daphnut 
have a weak lipase/ 1 In Umulm the stomach lijtase is more active than that 
lrom the hepatopancreas pi 1 ojitimum 7.7). 11,1 The lipases of the crayfish 
ami >4 several molluscs Aj'lrsiw, Helix, Octopus) resemble liver esterases of 
vertebrates in acting better on lower esters, such as trihutyrin and methyl* 
butyrate, than on fats such as olive oil, im * 1,0 

Several insects have ken shown to have lipases, particularly in the mid¬ 
gut. J7U The mid gut lipase can be regurgitated into the crop of the cock¬ 
roach ’ The digestive tract of the silkworm, however, contains no lipase, or 
if one is present it is very weak. ,M The wax moth larva Galleria uses beeswax 
as its principal food, nearly half of the wax consumed -being digested and 
assimilated, w The mid gut contains a lipase, m but. larval extracts are 
ineffective on myrtcin, the ester of higher alcohols which composes much of 
beeswax, Bacteria in the digestive tract probably change the wax so that it 
can k* digested. ,2i ** 

The hepatic glands of the prochordate Ghssobalanus contain a lipase active 
on triacetin at pH 6 > 7 . 13 

Digestion of fat in vertebrates is primarily intestinal. A gastric lipase has 
ken reported with pH optima of 63 in dog and rabbit, 5,5 in man, H.6 in 
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horse, and 7.9 in pig (Wakkhmidt-Lcitz, died by Sumner and Summers. 1 *) 
This gastric lipase is not physiologically important; at least it cannot i*. 
effective at the pH of the stomach. Pancreatic secretion contains most of tj lt , 
active lipase of. vertebrates. In fish it is difficult to separate pancreatic tissue 
from the intestinal wall, and extracts of the intestinal wall (plaice 15 ) or of 
intestinal slime (carp) yield a lipase which is active m a weakly alkaline* 
medium. In the plaice Pkuronectes fat may be absortel in the stomach after 
regurgitation from the intestine. Hi 41 Pancreatic lipase is more effective j n 
the presence of the emulsifying bile salts. 

Bile salts alone can produce neutral fat droplets 2p in diameter, hut tugt dnt 
with monoglycerides they can produce droplets less than O.fy in diameter 
which can be absorbed directly. ■'' ,1 In mammals part of the fat is hydrolyzed 
and the fatty acid absorbed into the mucosa, whence it is carried iti the blood 
to the liver. A large part of the fat (2/f to if/4) is absorbed into the bleak 
and transported in lymph to the thoracic duel; it was formerly thought that 
all the fat was digested and soaps formed and absorbed, but it mms more 
probable that finally emulsified neutral fat is absorbed dun tiv into tin- },r 
teals. m ' It appears, then, that only a small part ol ingested fat is hydrolyzed 
in the digestive tract, and that bile salts are important lor absorption uf fat. 
The neutral fat is then broken down elsewhere m the body, Dejsositri! },tr m 
.some extent reflects the type ol hit ingested; the melting punt of subcutaneous 
fat in hogs is lower when the pigs are fed oils of low melting jmim than when 
they are fed harder fats. Absorption of triglycerides lias not been extensively 
examined except in mammals. * 

CORRELATIONS OF DIGESTIVE ENZYMES WITH FOOD HABITS; 

CONCLUSIONS 

Numerous examples on the preceding pages have shown that the pattern 
or digestive enzymes differs greatly, even among vMy related animals. 
Digestion is adapted to the dietary habits in that, given kind of animal mav 
teed on and digest predominantly protein or carbohydrate nr even ,««■ M ib 
stance within these classes. 1 he extent to which digestion is labile for indiudu 
als it one food is missing and another substituted has hardly km considered 
yet this must be the way new food habits arise. It is difficult m obtain quiite 
tanve measures of the amount of activity of a given digestive enzyme m 
different animals, and m only a few groups, such as insects, ,M has an effort 
been made to compare amounts of enzymes in different species, bach sort of 
digestive activity has usually been described as strong or weak, present or 


Yonge - has pointed out that two trends are evident in the relation 
o eechng behavior and diet to digestive enzymes; (!) selection exclusively 
o food that can be digested, and (2) indiscriminate feeding. Animals of the 
first group, food specialists are of many sorts. The carnivores, or meat eaters, 
have strong proteases and weak carbohydrases. Animat groups with strong 

r u ldea ' “P 1 " 10 !® 1 reollu! “. MinaioH craa«am, 

and some msecls. » Many coelentoMc lack amyl«; ^ digo, I(rottin 

iui v 8 “:Sl ” ity ‘ 1 may h8ve , v % w “ l £S 

y ’ as in H 7 dra > m madrepore corals which do not digest sugars," 4 * 
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in actinians/ 1 and also in medusae. 1 # Blowfly larvae have active pro 
teases but weak carbohydrases in the gut, whereas the adults have good ear bo 
hydrases and weak proteases. Ils Carnivorous carabid beetles have good 
protein digestion but weak and restricted amylase activity, ,r ‘" kit digestion 
is present in carnivores, but data are inadequate for comparison of fat digestion 
in different groups of animals. 

Herbivores show weak proteolytic paver but have active carbohydrate 
digestion. Many marine and fresh water molluscs (except eephalopods) feed 
on phytoplankton or larger aquatic plants. In the pcieeypods and the gastro¬ 
pods possessing a crystalline style, the only extracellular digestion is of starch, 
as in mussels, and clams and oysters. ,W1 Plant food is triturated in the 
gizzard ol Aplysiu 71 and Limntm :1 - A style is present in all lamellibrandis, 
although it is vestigial in the carnivorous septibraneh bivalves. A style is absent 
from carnivorous gitsiropids and is present in only those herbivorous gastro 
puls which Iced by cilia or hy slow continuous radular action. ,Wl The tutii* 
cate (.iomi has jiraetieally no protein digestion but has active carbohydrases. 
15 Nectar feeding and leaf-eating insects may have several glandular sources 
of amylase and maltase. Herbivorous mammals maintain in a rumen or cecum 
a microflora which permits utilization of cellulose. 

In addition to the carnivores and herbivores, there are many extreme special- 
istx. Most spectacular are the wood-eaters, which digest cellulose by their own 
enzymes or by those of symbionts, The clothes moth is able to'reduce the 
disulfide linkages of keratin, making possible digestion of wool protein, and 
the wax moth can utilize, the pilyglycerides of beeswax, A fly larva lives in oil 
wells, digesting insects which fall into the oil, and possibly using symbiotic 
bacteria which break down the hydrocarbons, «» The Inmellibrancbs, a 
predominantly herbivorous class, have made three attempts at further special* 
ization. " l " In the leredinidae or ship-hming clams the valves are modified 
For miring and a cciluiusc is present in the digestive diverticula. In the Tridac* 
nidaeol the tropical Indo Pacific, phagocytic anwiebocylex retain zoo.vantheilae 
which are farmed in the mantle edges. lire Scpdbranehiu, deepwater 
molluscs, have the mechanical adaptations for meat eating in a crushing gizzard 
hut no extracellular protease, Oilier specialists rely on digestive enzymes 
within their food. Leeches derive nourishment from a blood meal which slowly 
autolyats in the gut. 4 IMniurn use's a dipeptidase from Pmmmnm. Home 
parasitic animals appear to have lost most of the essential digestive enzymes 
and rely on their hosts; for example, trypanosomes m and parasitic PlatyluT 
minthes, which have fewer enzymes than free living flatworms. 

Ihe animal groups most successful in digesting food are not the specialists, 
htrwewr, but the omnivores with a full complement of enzymes, us some snails 
(Helix), eephalopods, crustaceans, many insects, and the vertebrates. Proteins, 
carbohydrates, and bits are all used by these animals. The various enzymes 
may be mixed in one chamber, as in snails and crustaceans, or may be secreted 
in successive parts of the alimentary apparatus, as in vertebrates. The tendency 
toward diversification of enzymes appears even within a limited food habit. 
Helix, fur example, possesses .a wider range of carbohydrases than any other 
animal that has ten examined; it has weak protein digestion, but is a very 
successful genus. Pishes in general have a wide series of enzymes and some 
arc said to digest polysaccharides, such as lichenin and amygdalin, which may 
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not be available to higher vertebrates. 82 Cellulases are restricted to some 
microorganisms and to a very few invertebrate animals. Pepsin and an acid 
stomach are distinctly vertebrate characters which have been lost by several 
separate groups of bony fish, Dipnoi, some cypridonts, and others. 14 Am- 
phioxus and the cyclostomes are microphagous and have not acquired a pepsin. 

In general, intracellular digestion is associated with the absence of tri¬ 
turating mechanisms, and phagocytic cells, e.g, lamellibranch amoebocytes, 
may possess a variety of enzymes. Extracellular digestion is more economical 
of area of cell surfaces. 

The duration of retention of food in the. digestive tract is inversely propor¬ 
tional to the efficiency, in the sense of rapidity, of the digestive processes, and 
the speed of extracellular digestion in warm-blooded animals is faster than that 
at low temperatures. Also the amount of food eaten at a meal depends on stor¬ 
age facilities: a herbivorous ruminant eats much more in bulk than a carni¬ 
vore. A stomachless fish (roach, for example) can ingest less than 5 per cent of 
its weight per meal, whereas a trout, which has a stomach, can take in 20 per 
cent of its body weight at one feeding. 14 The rate at which food passes 
through the digestive tract is correlated with the kind of food and the effi¬ 
ciency of the digestive enzymes. 

As shown in the preceding pages, the pH optimum for a given enzyme is 
not always the same as the physiological pH at which it functions. Also the 
pH optimum differs slightly according to substrate. However, in a general 
way, the early phases of digestion are often in an acid medium and later phases 
occur at a higher pH. 

, The enzymes of an animal may change with development, as in many 
butterflies, moths, blowflies, and bees, also as demonstrated in the decrease of 
rennin in the mammalian stomach. 

Animal hydrolytic enzymes are different from corresponding plant enzymes, 
but given enzymes do not differ greatly from one animal group to another! 
Animal amylases need to be activated by NaCl; plant amylases do not. 171 
Cathepsin functions extracellularly in invertebrates and intracellularly in 
vertebrates. There is greater difference in the distribution of carbohydrases 
than m that of other enzymes. Stereochemical or group specificity is marked, 
and the existence of a given polysaccharidase is usually associated with the 
presence of an enzyme for attacking corresponding sugars, as cellulase with 
p-glucosidase, amylase with a-glucosidase. 

. Greatest success in the evolution of digestive function appears to be asso¬ 
ciated with, extracellular digestion, enzyme sequences, diversity of enzymes 
and triturating mechanisms, together with an omnivorous diet. 
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CHAPTER 7 

^oeoeoeoeoeoeoeoeoeoeoeoeoeoeoeoeoa 


Nitrogen Excretion 


i l ats and carbohydrates are oxidized to water and carbon dioxide, 
which are readily excreted; proteins and nucleic acids contain 
nitrogen, which is excreted in various compounds according to the 
physiology of the organism. Nitrogenous wastes may come from proteins (by 
way of amino acids), from the purine and pyrimidine bases of nucleic acids, 
and from miscellaneous nitrogenous compounds. fi > !,i! > M 


CHEMICAL NATURE OF NITROGENOUS PRODUCTS 

Protein Degradation Products. At least six different types of compound 
may be produced by the degradation of protein, 

Amino Acids. Proteins are hydrolyzed to polypeptides and dipeptides, and 
these are broken down to their constituent amino acids. Amino acids may be 
excreted without change in some animals. 

Ammonia, Amino acids undergo deamination, resulting in the liberation of 
ammonia as follows: 


/NH, 

I 

s COOH 

m 


/nru v 

R-c4i + Vi O, -> R-Cr + NH, 
\rr— 


COOH 


/ 


,OI-I 


R-G ~\\ + H a O -> R-C-H + NIL 

^COOH \x)OH 


Ammonia is toxic and is low in concentration in the blood of many animals. 
It is formed rapidly in drawn blood of vertebrates, but the amount present in 
vivo in mammals is probably not more than 0.001-0,003 mg./lOO ml. 15 The 
amount present is similar (less than 0,1 mg,/10Q ml.) in frogs, reptiles and 
fishes, :,i! If the blood ammonia reaches 5 mg./lOO ml. in rabbits death 
results. 8 Some ammonia is excreted by the kidneys (about 0.5-1 gm. daily in 
man), 78 In mammals most of the urinary ammonia is formed from glutamine 
by the kidney; the amount which comes from amino acids is nfuch smaller 
than it is in animals in which ammonia is ; an important excretory product. 01 
There are invertebrate animals which are more tolerant of ammonia. Blood 
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ammonia values have been reported as 0.4-2.4 rug./IOO ml. in Maja,. 2,8-4,8 
mg. in Sepia,® 1.6-1.8 mg. in Homtrus, 0,7-2 mg. in snails;*" and 2,34.0 
mg. in the earthworm Phmtim i.Ammonia increases on standing in blood 
of Hydr'ophiks and Dytiscus, blit not in blood of crayfish, lobster, ur snail. 3S 
The blood of Anodonta is low in ammonia (0.051 mg. 100 ml. V 1 " 

Because of its toxicity amitinhia must be excreted rapidly as formed ui con¬ 
verted into a less toxic substance. Ammonia is highly soluble in water, is dif¬ 
fusible, and is excreted as ammonia by many animals which have ample water 
for carrying away excretory products. 

Urea, This excretory product is less toxic and slightly more soluble in water 
than ammonia. Human blood normally contains 18 to 38 nig. urea per 100 ml.; 
values above about 40 mg./lOO ml. indicate uremia, although much higher 
concentrations are tolerated. The livers of many animals contain an enzyme, 
arginase, which catalyzes the formation of urea from the amino acid arginine, 
There is evidence that one method of conversion of Nib to urea is by the 
Krebs cycle (Fig. 32). When this cycle operates, urea production by tissue 



CITRULLINE 


Fig. 32. The ornithine cycle, From Baldwin. 1 * 

extracts is increased on addition of ornithine and citrulline; urea is formed from 
dietary arginine by the action of arginase alone, In some animals urea is 
apparently formed by unknown reactions other than those of the ornithine 
cycle, 

Uric Adi Some animals, particularly birds, terrestrial reptiles, and some 
snails and insects, convert their ammonia to uric acid. This substance has a 
low toxicity and is relatively insoluble; it can be stored or excreted in crystalline 
form. The mechanism of formation of uric acid from ammonia is unknown, 


Nitrogen Hxmtitm 


IBM 


but apparently hypoxantlune is an intermediate product in the process, 

/ rimethylmim 1 Oxulc, 1 his constitutes a high proportion of exacted 
nitrogen in certain marine fishes. Possibly ammonia is methylated, ami the % 
resulting trimethylamine oxidized. 

Cmtninn (dmiiimcfnixipuriue}. Spiders excrete must of their nitrogen as 
the purine, guanine, a substance less soluble than tirie add in water. Its 
method of synthesis is unknown, *' 

Purine hxcreiion Products. Roughly 5 per cent til excretory nitrogen comes 
from nucleic acid metabolism, which yields principally tlu* purines adenine 
and guanine. 

Purines. 1 he purines are degraded to different degrees by animals of various 
groups. Home animals excrete a high proportion as purities without further 
degradation. In some animals adenine may be oxidized, but not other purines; 
guanine is accumulated or excreted as such in the pig, hut in most mammals 
it is deaminated. Different enzymes act on the purine adenine and the .nucleo¬ 
side adenosine (adenine ribo.se). '' i;t 

Uric Add. Uric acid is formed as an end-product by oxidative deamination. 

iiilnwMi 
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Mauldin. Hu- pyrimidine' ring of uric acid may lie optmed by urkase and 
the substance alJantnin formal (Fig. 33). 

Allantoic Acid. Further oxidation hv allamoinase forms allantoic acid 
(Fig. 33),. 

llmt, 1 he molecule of allantoic acid is broken by allantoicase to glyoxylic 
acid and urea. 

Ammonia, A few animals and many plants possess urease, which converts 
urea to ammonia and carbon dioxide. 

1 he complete sequence of purine breakdown is shown in Figure 33, modi¬ 
fied from F'lorkin. 

Miscellaneous - Nitrogenous Compounds, Other nitrogenous excretion 
products include: 

Hippunc Acid and (kniihmic Acid. Benzoic acid entering in the diet of 
mammals is removed by. combination with glycine to form Iiippurir add 
(benzoylglyrinej. In birds benzoic acid combines with ornithine to form 
ornithuric acid. 

Creatine and Creatinine. Creatine is important in muscle development 
(Ch. 16), and its metabolic roles are numerous. Some creatine is apparently 
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converted to creatinine and excreted, although creatine may also be excreted 
unchanged. 


HN-CQ 

I | H 
OC C-Nv 

I II ) 

HN-C-Pf 


'CO Uric Acid 


i,0 

HsN C~NH 


OC CD Allantoin 

HN-C-NH 

H 


OC COOH CO Allantoic Acid 


Allantoicasc 


COOH NH, 

u° / 

+ 2 0«C^ 

H i NH, 


2 nh, + ca 

Fig. 33. Sequence of breakdown of uric acid to ammonia. From Korkin. 1 * 

Nitrogenous Pigments. Some nitrogenous pigments resulting from the 
metabolism of hemochromogens (e.g., hemoglobin) are excreted, particularly 
in mammals. 

Pterines, These nitrogenous pigments deposited in butterfly wings are 
sometimes regarded as excretory products. 

Pyrimidines. Pyrimidines may be excreted as such, but in mammals, at least, 
are partly converted to urea. 

DISTRIBUTION OF EXCRETORY PRODUCTS 
OF PROTEIN METABOLISM 

In no group of animals is nitrogenous excretion limited to one product, 


1 hose animals which excrete significant amounts of amino adds are inefficient, 
in that they lose potential metabolites. Animals are called ammonotclic when 
nitrogen (from proteins) is excreted predominantly in the form of ammonia, 
ureotelic when urea is the main product, uricotelic when the main product is 
uric acid, I he correlation between excretory products and habitat of adult or 
embryo is so good that nitrogen excretion appears to be an important, adaptive 
character. In the series ammonia, urea, uric acid there is decreasing toxicity. 
Animals whose eggs are protected against water loss (clddoic eggs) store non¬ 
toxic embryonic waste products and the adults lend to excrete the same 
products, whereas animals whose embryos can excrete freely into surrounding 
water (noncleidoie eggs) excrete products which may he more toxic. 1111 
Embryonic habitat is one but not the only factor determining nitrogenous 
excretion, 

The percentage nitrogen excretion in various forms is given in Tabic 30. 
Data in this table have been selected from what appear to he the more reliable 
of the many papers, Detailed summaries are to be found in Delaunay, sl * 2:11 
Baldwin, *■" Needham, ,i " Florkiu, :,:1, JU and 1 leklermamis, 

Ammonotclic Animals. Table 30 shows that aquatic invertebrate animals 
excrete a large percentage of their nitrogen as ammonia. This is a soluble sub¬ 
stance which diffuses readily across most body surfaces into water. In Protozoa 
some early measurements were invalidated by the presence of extraneous 
organisms, particularly bacteria, and reports of any quantity of urea and uric 
acid excretion are to be doubted, Also the amount of ammonia varies widely 
according to diet. In Paramecium, for example, 91 per cent of excreted nitro¬ 
gen was N1 l,i when the animals had not been fed, 55 per cent was Nib when 
they had been led glycine, and no Nt I ;t was excreted when they had been fed 
starch; no urea, uric acid, creatinine, or whole protein was found, but some 
unidentified nitrogenous substance was excreted. 17 These results confirm 
the earlier work of Emery-'* and show that Weatherby's observations" 3 of urea 
were not correct. 

Spirostomum mtbiguum excretes large amounts of Ni la when the oxygen 
tension is less than equilibrium with air. Nf Glaucoma eliminates the jiitro 
gen from bacterial food as ammonia abut six hours after ingestion, *' r, Pro 
to/oa can utilize amino adds from the culture medium; the extent to which 
they excrete amino acids from ingested protein has not been shown. 

Adinians excrete much ammonia. M Various edunoderms, starfish, sea 
urchins, and sea cucumbers, are ammonotclic, but they also give off consider¬ 
able amounts of amino acids into the water. -'*• **• 8< Si pane ulus excretes 
ammonia predominantly, as does the fresh-water leech. Polychaete worms are 
ammonotclic, although some urea and traces of uric acid are reported in 
Arenicok coelomie fluid. H7< 1,7 

Among molluscs the cephalopoda Sepia and Octopus excrete must of their 
nitrogen as Nib The pdecypods which have been examined, both marine 
and fresh water (except Myths), are also ammonotclic. The gastropod 
Aplysia is ammonotclic, but excretory products in other gastropods are diverse, 
as will be shown later. 

Crustaceans give off much amino add nitrogen, but the predominant excre¬ 
tory product of marine and fresh-water crustaceans is ammonia. It has been 
shown for Eriochpir, and probably it is true for others, that .the-body surface, 
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particularly the gills, is permeable to NHa and urea; excretion of these sub¬ 
stances is not altered by plugging the excretory pores, The kidneys excrete 
dyes and other less diffusible substances, whereas the gills are the chief route 
for ammonia excretion, 1,1 Analysis of the urine is, therefore, inadequate to 
measure total nitrogen excretion. Excretory products of terrestrial Crustacea 
have not been examined, hut such investigation would be of interest. 

Earthworms are intermediate between aquatic and terrestrial lift!. The urine 
collected from worms in moist air contains more urea nitrogen than ammonia 
nitrogen, 3 hut the excretion from earthworms immersed in water is am* 
monotelic, 21 An explanation of this difference might be that much ammonia 
is given off from the intestine, not as urine. A better explanation is given by 
recent observations 14 that in normal fed earthworms urea constitutes less 
than 10 per cent, whereas after starvation urea becomes as much as 86 per cent, 
of the nitrogenous excretion. It would be of interest to know the effect 
water supply on the urea/ammonia ratio. 

Fishes, Ammonotelic and Ureotelicj Trimethylamine Oxide Excretion. 
Ammonia is commonly excreted by animals which have plenty of water to 
eliminate and which live in an aqueous medium. This holds for fresh-water 
teleosts, which art; ammonotelic, although they also excrete some urea; most 
of their nitrogenous wastes diffuse out across the gills, and less nitrogen leaves 
by the urine. 71,1 H1 Marine teleosts, on the other hand, are confronted with a 
serious osmotic problem of retaining sufficient water (Ch. 2). They still 
excrete considerable ammonia, but they also excrete some urea (Table AO). 
In addition, some marine teleosts excrete as much as one third of their nitrogen 
as trimethylamine oxide, a soluble nontoxic substance. This substance is 
absent from the muscles of several fresh water fish (eel, carp), but is present 

in the muscles of all marine lish tested.- Pkitronecles , Cougar, Gudim, and 

others (Hoppe-Seyler, quoted by Grafflin and Gould 41 ). Trimethylamine 
oxide has ken reported from ecphalopods, but only in marine teleosts where 
water must be conserved is this substance an important excretory product, 

Elasmobranch fish are ureotelic, and marine species retain a concentration 
of 2-2,5 per cent of urea in the blood. By this high urea concentration they 
maintain themselves hypertonic to their medium (Ch. 2). All tissues of a 
dogfish except brain and blood are able to synthesize urea, 34 "like marine 
teleosts, the marine elasmohranchs convert a part of their waste ammonia to 
trimethylamine oxide. This suggests that they have at some time in the past 
experienced the same osmotic difficulties as confront the marine teleosts of the 
present day .... But subsequently, it appears, they evolved the still better 
trick of making urea, which is even less toxic than trimethylamine oxide, and, 
by retaining enough of it in their tissues, managed in the end to turn the 
osmotic gradient to their advantage instead of their detriment."" Excess urea 
is excreted, largely through the gills. Dogfish eggs contain a large amount of 
deposited urea; the embryos, however, synthesize quantities of urea, which is 
stored in the yolk. 

Nitrogen excretion in the lungfish, Protopterus aethiopim, has ken studied 
by Smith. M When this fish is active in fresh water it excretes nearly three 
times more nitrogen as NHa than as urea. When estivating in its mud cocoon, 
however, it excretes urea which may accumulate to the extent of 1-2 per cent 
of the body weight in a year; muscle urea increases by some seven times. When 
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the fish returns to water, urea is rapidly excreted and the excretion of ammonia 
nitrogen increases to its characteristic high proportion. Dipnoans, then, shift 
their metabolism From ammonotelic to ureotelic and hack, according to the 
available water. 

Ureotelic Animals: Amphibia. Nitrogen is excreted predominantly as urea 
in the frog (Table 30), and the liver of both frog and toad can synthesize 
urea. ,,(l Calculations of glomerular filtration and tubular reahsorption indi¬ 
cate that some urea must be secreted actively hv the tubule cells of some 
amphibian kidneys. * 8, vs Young tadpoles excrete over 40 per cent of their 
nitrogen as ammonia, but this declines rapidly to about 12.8 per cent, the adult 
level (Bialaszewitz, quoted by Delaunay 84 ). 

Mammalia, Mammals, including the monntremes, are ureotelic. Embryonic 
wastes diffuse readily into the maternal circulation; embryonic life is aquatic. 
There is need for conservation of water in adults, however, and urea is con¬ 
centrated by as much as 100 times by the reahsorption of water in tin* kidney 
tubules. Low concentrations of ammonia are toxic, hut urea is tolerated up 
to 150-250 mg. per cent- -ten times normal concentrations.Urea concen¬ 
tration in the blood and urine depends on the rate of protein catabolism. 

Excretion Associated with Transition from Water to Land: (kstropiuk 
The gastropods present an interesting series with respect to transition from sea 
to fresh water to land, and accompanying transition toward uric acid excre 
tion, 7, ‘‘ 5| 70 * 71 • 18 Aquatic gastropods, particularly marine ones, excrete much 
ammonia, terrestrial gastropods excrete little ammonia. The eggs of fresh 
water and terrestrial gastropods in general have deidoic characteristics; some 
gastropods are ovoviviparous. During development of the egg of Unworn the 
uric add content increases from 0.5 mg, per cent in the cleavage stages, to 1.0 
mg. per cent when the embryo occupies one fourth to one half of the egg case, 
to 4.5 mg. per cent when the egg is about to hatch. 4 In hibernation the 
nephridium stores uric acid to as much as three fourths of the organ weight. 70 - 
M T he uric acid content of the nephridium has ken correlated with the 
history of different species and type of egg (Fig. 34). 71 Needham describes 
Figure 34 as follows: I he uric add content of the nephridium in marine 
operculates (lower left) is very low. Terrestrial snails (center top), on the 
other hand, contain much uric acid, whether they are pulmonates or upercui 
ates. The transitional periwinkles (Littorinidae) (left side) are intermediate 
in uric acid content of the nephridium. A marine pulmonate which is believed 
to have made a secondary return to the sea (O nchhldla cehka) contains prac¬ 
tically no uric acid. The fresh-water species (right side) do not provide a dear 
cut series, hut the opcrculate Hydrobia jenkinsi has little uric acid and has 
entered fresh water from the sea relatively recently, whereas Byihnia, Palu- 
dina, and Limnaea stagmlis contain much uric add and probably have penc- 
trated fresh water secondarily from land. Other snails are intermediate, for 
reasons which are not clear. Snails are unable to produce urea by the ornithine 
cycle and produce it only from the arginine of their food; hence their only 
choice in protein degradation is ammonia or uric acid. This group of animals 
merits further study, but the general trend is from ammonia to uric acid 
excretion as osmotic stress increases. 

Chelonia. 1 urtles, like all vertebrates, can form urea by the ornithine cycle, 
and they excrete much nitrogen as urea. In addition, their ammonia excretion 
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from Needliarn.” (s) summer, (w) winter. 

is significant, and two aquatic species excrete some uric add (Table 30). 
Needham argues that the mode of excretion is related to the water supply in 
embryonic life; since turtles usually lay their eggs in moist sand where diffu¬ 
sion of Nf la would he too slow to avoid toxicity and yet where storage of uric 
acid is unnecessary, urea is sufficiently nontoxic. Other reptiles are uricotelic 
(see below); hence a careful correlation of nitrogen excretion with life history 
in turtles might throw light on the origin of uricotdism in vertebrates. 

Uricotelic Animals: Insects. Most insects are too restricted in their water 
supply for them to excrete ammonia, or even urea, in quantity. The urine 
formed in the malpighian tubules of insects is rich in uric acid and may even 
he a mass of uric acid crystals. m Negligible amounts of nitrogen are lost in 
other forms by adult insects. In the hug Hkodnhts, for example, immediately 
after a blood meal there is considerable urea; later the uric acid is greatly in 
excess, w Blowfly larvae which art: eating meat give oil much ammonia; this 
is probably formed in the gut and passed out with feces, and hence is not a 
true metabolic excretory product. At pupation ammonia excretion stops and 
uric acid becomes the main product. Some of the uric acid from protein break¬ 
down is converted to allantoin (Table 30). .'*• w Insects rid themselves of 
much waste material at the time of molting. 
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Lizards and Snakes. Water conservation is important for lizards and snakes; 
also their eggs must retain embryonic nitrogenous excretion until they are 
hatched. Hence they excrete most of their nitrogen as the relatively insoluble, 
innocuous uric acid (Table 30). In Phrynosoma, the horned toad, the urine 
is a solid ball of uric acid. 

Birds. Birds convert most of the ammonia from protein to uric acid (Table 
30). Their urine is a semisolid mass of uric acid crystals. In the chick embryo 
the first product is ammonia, which declines rapidly in amount after the fourth 
day of incubation. Urea increases to a maximum at the ninth day anti then 
declines; the enzyme arginase falls to a minimum at about the twelfth day. 
The excretion of uric acid on a dry weight percentage basis is maximal at die 
eleventh day, and uric acid is the principal adult product (Fig. 35). **■ **> 7:1 
If embryonic tissues' were separated from extraemhryonic membranes the 
absolute amounts excreted by the embryo might differ from those given in 
Figure 35, but the general sequence is significant. 

Uric acid is found in body fluids of animals in which it is not the principal 



Fig, 35, Excretion in chick embryos. From Needham.®' 


excretory product. 4(1 For example, in annelids the uric add concentration in 
coelomic fluid is 0.73 mg./lOO ml. in Chaetopterus 97 and 0.1 mg./100 ml. 
in Arenicola 67 but negligible in Amphitrite and Nereis. Among Crustacea 
the blood uric acid may be 2.3 mg./lOO ml. in Hrnarn, and 2.1 mg./100 ml. 
in Libinia. 66 In ureotelic mammals blood uric acid is 0.05 to 0.2 mg./100 
ml . 79 These values are much lower than in true uricotelic animals, as in 
insects, in which blood uric acid is 5 to 20 mg./lOO ml.* 1 - M or in birds, in 
which it is normally 5 mg./lOO ml. (chicken). » Hence the distinction 
between ureotelic and uricotelic metabolism is quantitative, and presence of 
unc acid in the blood or coelomic fluid does not necessarily indicate predom¬ 
inant uric acid excretion. 
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PHYLOGENY OF ENZYMES OF PROTEIN BREAKDOWN PRODUCTS 

Deaminases catalyze the liberation of ammonia from amino acids in all 
phyla. Urea can be formed by the ornithine cycle (see p. IBB), by the action 
of arginase on dietary arginine independently of the ornithine cycle, and by 
unknown reactions. Arginase is absent, or present in mere traces, in ammonte 
telie invertebrates. No arginase was found in the hepatopancruas of a series 
of marine molluscs; a trace was found in Amnltmui and Carcinm and small 
amounts in several fresh water snails. 1 In the snail Helix the liepatopanrreas 
contains much arginase, but no urea is formed by the ornithine cycle; possibly 
arginase has some role in uric add synthesis in HelixJ The chloragogue 
tissue of the earthworm intestine can synthesize urea, although the ornithine 
cycle may not operate as in mammals, Urea production by chloragogue tissue 
was increased in one set of observations by peptone but not by arginine or 
ornithine. 1 " However, worms fed arginine increased their urea output, and 
there was a small increase alter the feeding of eitrulline but not ornithine, 11 
Teleust iish tail into three groups, having low (cod, salmon, bullhead, 
trout), intermediate (herring), and high (dogfish) arginase content in their 
livers,** but the ornithine cycle is said to be absent from tdeosts/ 1, ;,:t - 1,1 
Elasmohranclis contain large amounts of arginase in all tissues except blood 
and brain; the heart is remarkably rich in arginase. **• s * Whether the orni¬ 
thine cycle functions in elaxmobranehs is not known, 

Urea is formed by the ornithine cycle in the livers of ureotelic tetrapnds, 
frogs, turtles, and mammals. In mammals the liver is rich in arginase and 
the kidney contains a small amount, whereas other tissues are negative for 
•arginase.* 1, **- m The ornithine cycle is lacking in uricotelic snakes and 
birds, although bird but not snake kidneys, liver and testes have some argin¬ 
ase. w * **» **• IW In the animal kingdom urea is formed by several methods, 
arginase content of liver is correlated with ureotelism, anti the ornithine cycle 
is a specialized development not found among invertebrate animals. The nrni 
thine cycle and most of the usefulness of arginase are lost by birds and higher 
reptiles, 

Conclusions Regarding Excretion of Protein Nitrogen. The form of nitro¬ 
genous waste produced by protein catabolism is related to stress of water supply 
in both embryonic and adult life of an animal Ammonia diffuses freely out 
of and away from aquatic invertebrates and fish, Where there is some osmotic 
stress but ample dilution, urea appears, as in amphibians and mammals. 
Marine telcosts are subject to osmotic stress, and some of them excrete tri- 
methyiamine oxide. Extreme need for water retention, in insects; land gas¬ 
tropods, snakes and lizards, and birds, is satisfied by uric acid excretion; this 
is associated with deicfoic eggs. Trimethylamme oxide excretion may have 
arisen only once, but uric acid excretion became dominant in several unrelated 
groups and represents convergent evolution. 

Urea production has arisen by several means: urea may be built up from 
peptones and arginine in Lumkicm, by arginase from dietary arginine in 
snails and bony fish, by the ornithine cycle from ammonia in-amphibians and 
mammals, and still other routes of urea synthesis probably exist, The ornithine 
cycle has been lost in reptilian and avian evolution. Embryonic retention of a 
biochemical trait Is shown In nitrogen excretion patterns. Blowfly larvae 
excrete ammonia before they excrete uric acid, tadpoles produce ammonia 
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before they produce urea, and chicks pass through the entire evolutionary 
series of ammonia, urea, and uric add. 

Nitrogen excretion is a labile character. It appears to have changed during 
the evolution of several groups according to their habitat. The best example 
of such phyletic change in form of nitrogenous product is in the gastropods. 
Also the marine teleosts excrete more of their nitrogen as urea than do their 
fresh-water relatives, and the earthworm excretes more urea than do aquatic 
annelids. Even individual animals change their excretion with diet and with 
osmotic stress, The lungfish stores urea in estivation and excretes ammonia 


-! 11 ! 
!'!!!! 



Sn 6, , C ° mp “ ? f “d-products of purine and protein catabolism. From Florkin 
and Duchateau, Unbroken ljne, protein breakdown; broken line, purine breakdown. 

when active; the bug Rhodnks excretes urea for several hours after a blood- 
meal, and then uric acid. Ammonia is the principal nitrogenous product of 
ammo acid breakdown in ammonotelic animals; it comes from glutamine in 
mammals, 

Recent studies on microorganisms indicate their ability to adapt enzymatical- 
y o different substrates. Nitrogen excretion in animals is likewise adaptive. 
Most animals excrete several products, but one predominates. The enzymes 
for their production may be present in varying degrees, and several enzymatic 
routes may lead to the same product. Which route and which product become 
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dominant in a given species depend more on its immediate osmotic needs than 
on its ancestry. 

DISTRIBUTION OF ENZYMES AND PRODUCTS 
OF PURINE METABOLISM 

A small amount of the nitrogen excreted by animals comes from nucleic 
acid metabolism, particularly from purine bases. The amount of nucleic acid 
eaten varies with the diet, being greater in meat than in plant food, Enzymes 
of purine metabolism differ from those of protein metabolism, even though 
some of the end-products are the same, An animal may excrete some uric acid 
from purines, regardless of whether its protein is degraded to ammonia, urea, 
or uric acid. The various end-products of purine metabolism were listed above 
(Fig. 33). Purines may be excreted as such, e.g., adenine or guanine, or they 
may be deaminated to xanthine, which is converted to uric acid by xanthine 
oxidase. If uricase is present, allantoin is then formed; allantoinase converts 
this to allantoic add; allantoicase converts this to urea; urea may be broken 
down to ammonia by urease, Numerous invertebrates—annnelids, molluscs, 
and arthropods—have deaminases of the free bases (adenase and guanase); 
many vertebrate livers lack adenase but can deaminate the nucleosides by 
adenosinase and guanosinase, 33 ' 41 The type of purine breakdown product 
in different animals has been identified partly by analysis of excretory products 
and excretory organs, and partly by identification of the enzymes in tissues, 
particularly liver (or hepatopancreas). A detailed summary of purine products 

TABLE 31. DISTRIBUTION OF URICOLYTIC ENZYMES 
■f indicates presence; — indicates absence. 


Animal 

Tissue 

Xanthine 

Oxidase 

Uri- Allan- Allan- 
case toinase toicase 

Urease 

Coelenterates 
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Anemonia & Cynthia 38 


xanthine 
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Actinians™ 
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Echinodems 
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+ + 


Sea urchin 41 



+ + 
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TABLE 31 (continued). DISTRIBUTION OF URICOLYT1C ENZYMES 
+ indicates presence; — indicates absence. 


Animal 

Tissue 

Xanthine 

Oxidase 

Uri- Allan- Allan- 
case toinase toicase 

Urease 

Planorbis 87 


■+ 

+ 

_ 



Abalone 1 

liver 
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i. 

+ 
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■ + 

+ 

+ 
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Helix pom, 1 
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Housefly, blowfly 20 
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is given by Florkin and Duchateau, 30 and a general summary by Florkift. 33 
Table 31 and Figure 36 summarize the results, 

Some of the ammonotelic invertebrate animals also degrade purines to 
ammonia. Uricase is indicated in actinians, uricase and allantoinase are indi¬ 
cated in echinoderms; allantoicase and urease have not been looked for in 
these groups. All four enzymes occur in chloragogue tissue of Sipunculus, and 
in liver of Mytilus, crayfish, and lobster (Table 31). In the flatworms and 
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those annelids which have been examined, purines are excreted and enzymes 
for degrading them are lacking. 

Insects are predominantly uricotelic animals and differ greatly in their uri- 
colytic enzymes. The distribution appears to be random and varies with tiriie 
in the life cycle (Table 31). Larvae of the blowfly, Lucilia, for example, con¬ 
vert much of the uric acid from protein breakdown to allantoin; uricase is 
absent from the pupae, however, and reappears in the adults. 10 

Molluscs, like insects, differ in their uricolytic enzymes. In general, uricase 
is found in lamellibranchs and in some gastropods. Allantoinase, allantoicase, 
and urease are present in the marine lamellibranchs (Mytilus), but the urease 
is lacking in Anodonta, and only uricase is found in gastropods (Helix, Plan- 
orbis). Comparison of uricolysis in ammonotelic and uricotelic gastropods 
would be of interest. Apparently, as with nitrogen breakdown, there is some 
lability in purine degradation among molluscs. 

One cyclostome fish, Lampetra fluviatilis, like the annelids, has no enzyme 
for degrading purines. The liver of the dipnoan Protopterus anesteus 28 and 
of the elasmobranch Raja contains uricase, allantoinase, and allantoicase, 
Among teleost fish those of one group have uricase, allantoinase, and allan¬ 
toicase, whereas those of another group lack the allantoicase; 11 their differ¬ 
entiation (Table 31) seems unrelated to habitat. 

Amphibians degrade purines to urea but not to ammonia. Reptiles/whether 
they are ureotelic or uricotelic, lack allantoinase and allantoicase; and some, 
if not all, of them lack uricase; hence they excrete their purines as uric acid. 
Likewise in birds uricolysis is absent; there may be neither uricase nor allan- 
toinase in the liver, Mammals fall into two groups in purine metabolism; most 
of them have uricase and excrete some allantoin. Man and other anthropoids, 
however, lack this enzyme and excrete uric acid. Among dogs Dalmatian 
coach hounds excrete approximately eleven times as much uric acid nitrogen 
and half as much allantoin nitrogen as other breeds, apparently because the 
Dalmatians fail to reabsorb uric acid in the kidney as other dogs do for con¬ 
version to allantoin in the liver. The necessary enzymes are present in the 
liver of all breeds. 42 

Two evolutionary trends have occurred in purine metabolism; (1) Degrada¬ 
tion completely to ammonia requires a chain of enzymes and is accomplished 
only among a few groups of lower invertebrates. (2) Higher groups, both 
invertebrate and vertebrate, break the chain at various points, and among the 
most advanced groups (insects, birds, and most mammals) purines are excreted 
as uric acid. The evolutionary trend here is elimination of enzymatic steps. 

Florkin an has suggested that the end-products of protein and of purine 
catabolism, tend to be the same. This is indicated in Figure 36. Animals, 
whether ammonotelic, ureotelic, or uricotelic, tend to convert purines to the 
same end-products as those of proteins. Here is an example of biochemical 
convergence. Exceptions are found among molluscs and mammals. 
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CHAPTER 8 


Respiration and Metabolism 


AVAILABILITY OF OXYGEN 

8 uk wmt-trr iiKPKNDKNCK rtf animals on an adequate oxygen supply lias 
8 been rmigniml only since the seventeenth century, when Mayow 

, 8 and Hooke demonstrated the need of animals for air, and later 

when Priestley and Lavoisier discovered the chemical nature of oxygen and 
the importance of oxidation as the source »f energy within the body. 

Wide spread distribution of oxygen permits life in a great variety of environ¬ 
ments under aerobic conditions, exceptions being in deep lakes and in the 
intestinal tracts of vertebrates, where anaerobic respiratory mechanisms are 
not uncommon, Oxygen not only is widely distributed but remains fairly 
constant in amount within a given environment. In some lakes, however, the 
oxygen supply may be suddenly depleted by plant life and bacteria. Indeed, 
sudden reductions in numbers of animals have been cited in European waters 
where, as near the. Messina Straits, the paucity of oxygen in the great depths 
allows hydrogen sulfide from decomposing animal bodies to accumulate to 
such a degree that, on agitation of the waters during storms, the surface fauna 
is exposed to toxic concentrations of hydrogen sulfide with disastrous results. 

Various animals have evolved different mechanisms for the procurement of 
oxygen, and, where the supply is particularly limited, emergency adaptations 
have developed. The responses of organisms to oxygen stress constitute one of 
the most interesting contributions to adaptive physiology. In swamps of the 
Paraguayan Chaco, for example, where little or no oxygen can be detected in 
the subsurface water, a number of adaptations arc found in fish for the pro 
curement of oxygen from either the air or the surface water layer, fl * Five 
different tyjx's of aerial respiratory systems have been developed to provide the 
bulk of oxygen for these fish: pharyngeal diverticular "lungs" (Lepidosirm and 
Symhranchus), gas bladder (Erythrinus), gill lamellae (Hypopomm), intestinal 
modifications (CaUkhthpmti Hoptostmum), md gastric mucosa (Anmims). 

The adequacy of the oxygen supply is a function of the number of molecules 
of the gas available to the organisms, whether as molecular oxygen dissolved in 
water or as molecules of oxygen in air. The amount of oxygen available to the 
organism-atmospheric or in solution—depends on the partial pressure exerted 
by the gas, the value of the partial pressure or. oxygen tension being directly 
proportional to the volume per cent of the gas present. Partial pressures of 
the important gases of dry air at sea level are given in Table 32, 
line amount of gas in solution depends on the absorption coefficient and is 
proportional to the partial pressure exerted by the gas, The quantity of gas 
in solution decreases with elevation of temperature and with the addition of 
solutes to the solvent, Solubility data for oxygen in water, in salt solution 
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tabu; 12. mmi pressure oi ■ gases is mty m vm mm. n & j 


Gas 

Vol. per mir'" 

Partial Pressure in mm./Hg 

Oxygen 

20.95 

159.22 

Carbon dioxide 

0.03 

0.23 

Nitrogen 

7H.0 

592.8 

Argon, etc. 

1.0 

76 


equivalent to sea water (20 gm. Cl/I.} and in blood, are jirt'semnl in Table B. 

Although diffusion through a gas phase may lie regarded as a simple func¬ 
tion of the density and molecular size of the gas, diffusion through a liquid 


TABLH.a SOLUBILITY OF OXYGEN IN BIOLOGICAI !l UWS 


Temp. “C. 

Abs, Coelf. («J 
water 

760 mm.Ug 

ml.tVl. 

water 

159 mni.iig 

Alls, (Wlf. fa 

2% Cl 

760 mm i 1 m 

niBVl. 

2'i t 1 

159 moi l l« 

• 

lUnwl* 

0 

0.04889 

10.27 

0.0380 

7,97 

1 

,1 

10 

0.03802 

7.98 

0,0302 

6,33 

1 ' 

15 

0,03415 

7.17 

0.0276 

■ 5.79 

1 

20 

0.03102 

6.51 

00251 

5,31 


30 

37 

0.(0608 

0.023K6 

5,48 

4.01 

0,0212 

j 

: ■' 1 

4 46 

i 

0.019 




! 


| 0.022 

a=the Durtsei 

l (Inefficient tiie 

volume of g, 

is (retimed m (1* 

(’., 760 mm, i 

width at 


the temperature indicated is dissolved in. one volume of the whew w hen the partial 
pressure of the gas is 760 mm. (I.C.T.). 

must consider the concentration gradient, area, and time, and may 1 h* expressed 
by the following derivation from Pick's law; 

dn IIT dc 

dt ” ~nF a dx 

dn representing the amount of substance diffusing across an area, a, in time 
dt, with a concentration gradient dc. H is the gas constant, T absolute tempera- 
dx 

tare, N the Avogadro constant, and / the "frictional resistance" upon the 
diffusing molecules. Simple diffusion processes can account tor gas exchange 


TABLE 34. DIFFUSION CONSTANTS OF OXYGEN AT 20- C. 


Substance 

Dlff. Const. 

Substance 

Dili. Const. 

Muscle* 1 ’' 

0,14 

Water 11 * 

0.34 

Connective tissue** 6 

0,115 

Gelatin 113 

0,28 

Chitin* 13 

0,013 




through tissues for short distances, although exceptional cases of gas secretion 
against a gradient have been demonstrated in a number of fish and in some 
invertebrates. 218 Diffusion rates of oxygen in water and tissues are presented 
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in Table K 3W The value for the diffusion constant* increases with rising 
temperature, about 1 per cent per degree, taking the rate at 20® C. as unity. 
In spite of its larger molecular size, carbon dioxide diffuses through tissues 20 
to d0 times faster than oxygen does, owing to the higher solubility of CO a , 
Members of the more primitive phyla (Protozoa, Rotatoria, Porifcra, Cod- 
enterata, Platyhehrmithes, Nemertea, and some Annelida), as well as eggs and 
embryos of all groups, can procure their oxygen entirely by diffusion without 
recourse to special respiratory mechanisms or circulatory systems. The rela¬ 
tionship between adequate oxygen pressure and oxygen consumption for small 
spherical organisms is summarized by the equation: 



in which C„ is the required oxygen pressure, A the oxygen consumption of the 
tissue in ce. oxygen per gm. per minute, r the radius of the sphere, and D the 
diffusion coefficient of oxygen through the tissues. 1 ,K In organisms with fairly 
high metabolic activities diffusion will suffice if the tissue is no more than 1 
mm. in diameter, 3!B However, in animals with tissues more than 0.5 mm. dis¬ 
tant from an oxygen supply some supplementary transporting system is neces¬ 
sary. With an adequate oxygen source rapid utilization establishes a high 
gradient, and diffusion over short distances may be very rapid. Rroidc 12 has 
shown by the nticroelectrode technique’ that oxygen diffusion in brain tissues 
is sufficiently rapid to demonstrate fluctuations in oxygen tension concordant 
with the respiratory rhythm, when the partial pressure is measured at a distance 
of some 25 g from an arteriolar oxygen supply. 

TYPES OF RESPIRATORY MECHANISMS 

The striking adaptability of animals lor the procurement of oxygen is exem 
plilk’d hv the many modifications which have evolved to alleviate limitations 
imposed by simple diffusion. Organisms have met similar respiratory problems 
in different ways. The elaboration of respiratory mechanisms has developed 
along with the evolution of efficient vascular ("convection") systems. Krogh's 
admirable survey* 1 ' 1 of respiratory adaptations should be consulted in this 
connection, as well as the extensive review of respiratory systems by Guieysse 
Mater. 1 * 4 lour main types of respiratory mechanisms are considered here: 
(I) integument, (2) gills, (3) lungs, and (4) tracheae. 

Integument, Cutaneous respiration plays a significant ride in the respiratory 
economy of many invertebrates, and it is safe to sav that it occurs to some, 
extent in all animals. A circulating mechanism is required in aquatic animals, 
either cilia or movement of the organ as a whole, to move the wafer over the 
respiratory surfaces, In air-breathing forms a moist integument is essential for 
significant gas exchange through the skin, and mucous glands are generally 
found in cutaneous air breathers, as the terrestrial isopods, molluscs, and 
amphibians. Cutaneous respiration is more common than generally recognized 

* The diffusion constant (10 4 times the diffusion coefficient) is defined as the number 
of ec. of oxygen (reduced to 0* C, 760 mm. Hg) passing per minute through a distance 
of 1 n over an area of 1 sq. cm. widi a pressure difference of I atmosphere. 
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because it will occur by necessity through all permeable membranes when 
the partial pressure of the gas establishes a sufficient gradient. 

Special respiratory mechanisms have evolved in some annelids (Nereis and 
Chaetopterus), but many members of this phylum respire through the general 
body surface. In the oligoehaete, Drilocrius, a specialized "dorsal groove" in 
the epithelium permits the drawing of air hubbies below the water surface and 
the absorption of oxygen through this portion of the shin. 81 The pulmonale 
gastropods (Lintnmt and Helkmma) can depend on their integuments when 
submerged for long periods of time, particularly at lower temperatures, ah 
though usually they take in aerial oxygen through the lungs. 88 Fracnkel and 
Herford 1111 showed in blowllv larvae (Calliphm) that under ex}x*runental 
conditions 10 per cent of the total oxygen intake could lx: accounted for by 
cutaneous channels. Embryos, young larvae, and some “transparent" arthro¬ 
pods also respire through the body surface. The fish Acm (Chrumidatt) under 
goes caudal differentiation with great increase in vascularity m that the tail 
becomes a specialized respiratory structure. 

Prom the time of Spallanzani, numerous investigators 88 * m3,1 have studied 
the problem of gas exchange through tlu: integument of vertebrates, many of 
which respire through the skin, particularly in eliminating carbon dioxide 
(Table 35). According to Krogh the eel's skin can provide 60 jht cent as much 

TABLE 35. CUTANEOUS RESPIRATION OF SEVERAL VEHTWHATB'" 
(Respiratory Exchange expressed ascc./saj. dem /houtj 


Animal 

Oxygen 

Carbon 

dioxide 

(•alvuiated from 
Experiment* itf 

Max, 

Mean 

Max. 

Mean 

Man 


0.50 


1.18 

t*rkh‘“ 

Man 

— — 


3.1 

0.94 

Sehierkk 1 " 

Pigeon 

0.92 

0.37 

1.1 

0.60 

Kn# u 

Tortoise 

0.1 


0.15 

— 

“ 

Frog (11 fusca) 

1.9 

1.51 

5.3 

3.0 

* 

Frog (R, esailmu) 

2.1 

1.62 

4.3 

3.1 

** 

Eel 

1.05 

0.73 



•* 


TABLE 36. COMPARISON OF CUTANEOUS AND PULMONARY 
RESPIRATION IN FROGS AT 20 * 0 (AFTER KROGin 
(Respiratory exchange expressed as ec./kg./hr-*J 



| Cutaneous Respiration 

IPulmonary Respiration 

Animal 

——-.---'n ,..i 

0, 

CO, 

00, 

0, 

a 

(X), 

. ml" 

■tst 

Rma esculent® 

62 

119 

1,92 

59 

19 

0.32 

Ram fusca 

52 

129 

2.48 

105 

45 

0.43 


oxygen as is provided when the gills and skin both function in normal respira¬ 
tion. 'Ibis is sufficient to support the fish for an indefinite period at low 
temperatures hut is inadequate above 15° C.* u In man and pigeons less than 
I per cent of the oxygen intake is through the integument. 

Studies have demonstrated species differences in the proportion of cutaneous 
to pulmonary respiration in frogs (Table 36) and have disclosed the relative 

*Morrison w has utilized the less ambiguous mathematical expression, cc./kg hr. 
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importance ui skin and lungs in oxygen and carbon dioxide, exchange (Fig. 
3/). Oxygen uptake by the lungs and carbon dioxide elimination by both 
lungs and skin reach a peak in April and a minimum in December. Oxygen 
uptake through the skin remains almost constant throughout the year, Thus 
the cutaneously derived oxygen, entering by diffusion, can supply two thirds 
ol the oxygen requirement during the winter months under laboratory condi¬ 
tions, hut only a small fraction of the spring oxygen demand. Presumably 
during Ininanation all of the oxygen consumed enters through the cutaneous 


route. 

Gills. Gills are respiratory appendages, generally well vascularized, and 
usually ciliated and motile, or located in the current of water flow. They are 
usually aquatic hut may lie aerial, and they art,* sometimes both. The respira- 



1%, 37, Oxygen anti carbon dioxide .exchange through the skin and lungs of the frog, 
Hm umptrnm, throughout the year. After Dollc and Postma." 

lory functions in some cases have been combined or confused with other 
processes, such as salt absorption in the so-called "anal gills" of (Mux and 
Chifmmm (see Ch, 2j. ;!UI Movement of water over the surface of aquatic 
gills is mandatory to insure efficient respiratory exchange. The countercurrent 
principle of operation in fish, the water outside the gill surface and the blood 
of the adjacent capillaries inside flowing in opposite directions, provides for 
rapid oxygen uptake and almost complete saturation as the blood leaves the 
gill filaments. 88 

Dermal branchiae, the so-called papulae, are found in many of the echino- 
derms supplementing respiratory exchange through the tube feet. 'The papulae 
are imaginations of the body wall ("extensions, of the coelom"), bringing the 
gently moving coejfomie fluid in close association with the cilia-stirred external 
sea water. In Asterias a specialized region of the ambulacra!' system and a 
portion of the madreporite plate have been regarded as respiratory in nature. 8 * 8 
Polychaetes have evolved some elaborate gill structures, such as parapodia 
(Nereis), gills (Amicala), and branchial tufts (Dasybrattchw). Bhpara volute 
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cornis has ken shown by extirpation experiments to take up through the 
filaments of the branchial tufts approximately 37 jx*r cent of the total oxygen 
consumed, 388 the rest entering through the integument. 

Molluscs show a great range of respiratory mechanisms with a marked 
tendency toward the development of aerial gills. The primitive Chiton has 
six to eight aquatic gills in each pallia! groove. Bivalves generally have two 
pairs of gills or ctenidia, each with two lamellae, situated in a wafer supply 
flowing through the mantle cavity. Gastropods are gill bearing except for the 
pulmonale land snails, in which the "lung" is actually modified from the 
lining of the mantle cavity. Ancula, an opisthobranch snail, with both aquatic 
and aerial tendencies, possesses on its hack a peculiar system of rigid gills 
which can extract oxygen from both air and water. 

Crustacean gills are generally enclosed within a chamber and require water 
circulation for adequatic respiratory exchange. In the fresh water crab, 
Potamonantes, for instance, the paddle-like movement of the suiphugnuthite 
is indispensable, and without it respiratory exchange in the gills is inadequate 
to support life in water. 387 This animal can survive in relatively dry air so 
long as the branchial chamber remains moist. 

Pearse 27 ' 1 * m has made an extensive study of the respiratory apparatus of 
crustaceans and has correlated gill reduction with migration from marine to 
terrestrial habitats. The hermit crab, Cmohita, can get along in air with the 
gills removed. The ghost crab, Ocypode, has lost many gills but in their place 
has developed branchial tufts vascularized membranous projections of the 
branchial cavity (Table 37). 


TABLE 37. REDUCTION OF Gill STRUCTURE IN CRUSTACEA WITH 
TRANSITION FROM MARINE TO TERRESTRIAL HABITATS 
(AFTER PEARSE™) 



No. of 
Gills 

Ratio 
between 
Volume* 
of Body 
& Gills 

Bran¬ 

chial 

Tufts 

Habitat 

Paguristes puntkeps 

26 


0 

Below low tide 

Calcinus sulcatus 

26 


0 

Low tide mark 

CUbanarms tricolor 

18 ; 


0 

Near high titUr mark 

Coenobite diogens 

H i 


0 

Land 

Callinecles mrgmtus 

16 

21:1 

0 

Pelagic and 
between tides 

Mithrax sculptus 

18 

36:1 

0 

Coral reefs 

leptodius fioridms 

18 

38:1 

0 ! 

Reefs ami along share 

Plagusia depressa 

18 

42:1 

0 

Rock walls, low-tide 

marks 

Grapsus grapsus 

18 

35:1 

0 

Rock-walls, along 
shore 

Pachygmpsus trmverm 

18 

40:1 

0 

Loose rods and 
between tides 

Geograpsus lividus 

18 

57:1 

0 

Loose rocks, 
high-tide mark 

Gmrcims lateralis 

18 

48:1 

0 

Land 

Ocypode albicans 

12 

61:1 

Stows 

I Sand, beaches 8t land 


* Measured by displacement of water after hardening in 1 per cent chromic arid. 
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Specialized epithelial modifications arc not uncommon in supplementing 
the activity of the gills. The hermit crab, Omuihita, has such a region on the 
ventral side of the anterior part of the body which must carry on much of the 
respiratory exchange in the absence of a well developed gill system, Long ago 
Birgus Intro, a terrestrial robber crab, was shown to possess a modified gill 
chamber in which vascularized epithelial appendages on the roof of the cavity 
supplement respiratory exchange by the reduced gills, 

The woodlice, Isopoda, represent a seriation from aquatic to terrestrial 
existence, and the gill-like structures on the endopodites of the jdwipods show 
increasing adaptations from aquatic to aerial respiratory structures in, for 
example, the three forms: Ugh, which is essentially amphibious and liygric; 
Oflisettt, which dwells in damp places; and the more xeric Pmvllio, which 
prefers drier conditions. 88 -I he endopodites of aquatic isopuds have t hinner 
walls than do those of terrestrial species. Tlw latter may develop systems of 
capillary grooves which permit moisture to drain either toward the rectum for 
absorption or toward the pleopods to moisten the respiratory structures. 

In Asellus and Porwllio the “white body" or “tracheal organ” functions as a 
respiratory structure particularly concerned with the elimination of carbon 
dioxide. 158 Extirpation of these structures from the pleopods causes death 
within a few hours to several days. 

Certain groups of insects possess tracheal gills, either aquatic or aerial, in 
which a tracheal system replaces the blood vascular system (Ephemeridae, 
Odtmata, Trichoptcra, Coleoptera). Experimental procedures applied to may¬ 
fly nymphs indicate that the caudal gills play an importnnt part in the respira¬ 
tory exchange.® 11, 373 If the gills are removed from Ikmgenm m-umitu, the 
oxygen uptake is decreased SO per cent. The damsel fly naiad (limllugm) 
has been shown by extirpation experiments to take up oxygen normally 
through the caudal gills and secondarily through the .My surface." 78 In 
normal animals oxygen is removed from the medium down to 2.4 per cent 
saturation, whereas in gill less individuals oxygen is removed from the medium 
only down to 14,5 percent saturation, In the caddis fly, M momma, on the 
other hand, gill removal results in little or no reduction in oxygen eonsump 
non,® 7 

I he pharyngeal gill structure of prochordates is elaborate, but efficiency 
seems to have yielded to size, Atnphiaxus has well over 100 functional ciliated 
branchial bars, The multi-slotted branchial sac of the tunicate is also well 
equipped with cilia to provide for the circulation of water through the gill slits 
and over the vascularized gill filaments, 

In the vertebrates the gills are either external, as in embryonic lungfkh and 
Amphibia, or enclosed within a chamber as in the teleosts. The adult lamprey 
with its peculiar jawless sucking mouth has covered gills, and these arc ven¬ 
tilated by water which passes both in and out of the several gill openings. The 
male lungfish, Lepidosiren, develops temporary pelvic gills during the breeding 
season when he assumes custodianship of the eggs and young and remains 
below surface in oxygen-deficient water, 3 It has been claimed that the oxygen 
content increases in the water around the eggs, a result of actual oxygen 
secretion by the gill filaments, 81 - 371 Gills reach their greatest development 
among the teleosts and, considering the respiratory area, have ken regarded 
as surpassing the lungs in efficiency, 80 Gill efficiency, however, depends un 
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the rate at which the water passes over them, and in the mackerel, for instance, 
respiration is inadequate to support life unless the fish is in constant forward 
motion. 14 " It is essential that the mackerel keep moving! Teieost gills are 
capable of independent but coordinated movement, and Bijtel 31 has observed 
in windowed specimens a mechanism by which fish gills close the gaps at their 
tips, thereby impeding water flow during the "coughing" reflexes apparently 
associated with cleaning out the gill passages. The gills of Amphibia-func- 
tional throughout the lifetime of some urodcles and only during the larval 




Fig. 38. Gill filaments of larval S«kww»4ra. Schematic repteaentatkm of gill filaments 
of larvae raised under conditions of (A) low oxygen t*mT(80 mm. Hg) and (B) 
high oxygen pressure (760 mm.Hg). Transverse sections of filaments of larvae developed 
m (C) low and (D) high oxygen tensions. From Drasdch." 


stage of others, but always supplemented functionally by cutaneous or lung 
•respiration-may show modifications in size and arborization within single 
individuals in response to changes in the availability of oxygen. The gill fila¬ 
ments of larval Sabmandra, for example, are large, branched, and thin-walled 
on animals raised in low oxygen tensions (80 mm. Hg), but on salamanders 
developed at high oxygen pressure (760 mm. Hg) they are small, stubby, and 
thick-walled 98 (Fig. 38)/ 

* Boell (personal communication) reports no decrease in oxygen consumption by 
Amlystam deprived of gills. 
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A number of accessory respiratory adaptations are found, particularly among 
fish, to increase the efficiency or to supplement the action of gills, Many of 
these adaptations permit air breathing, allowing some obviously aquatic relists 
to become temporary land dwellers. Thus the branchial chamber may become 
adapted as a gas storage chamber to aerate the gills, as in the "jumping fish" 
Pemphthalmus, m ' m By increasing surface urea and vascularization the 
branchial chamber may provide for some gas exchange itself, as in the electric 
eel, Bectrophms.** Well developed branchial diverticula, facilitating gas 
exchange, have been described for many air-breathing fish, as Anubas, Glorias, 
and Periopthalmm M (Fig. 39), These accessory respiratory structures not 
only subserve aquatic gills but may become essential in providing adequate 
oxygen, as in Anaks, which will drown if it is denied access to atmospheric 
m, Buccal pharyngeal respiratory exchange among vertebrates is not limited 
to fish; a considerable body of evidence points toward its occurrence in amt- 
rans , m turtles, 1 ' 1,12BS and lizards. 1 " 1 

Gill respiration in a sense represents a stage of cutaneous breathing in which 



Fir. 39. Branchial diverticula in the air breathing jp1«mi, Chrws him, subserving 
the gill* in aerial respiration. From Marlicr.* 4 

appendages have become specialized for gas exchange • structures which in¬ 
crease the area and efficiency for gas transport 'across the respiratory surfaces, 
fhey show considerable modification with changes in the oxygen environment 
and frequently function in combination with other respiratory structures in 
the exchange of vital pies. Being external structures without strong means of 
support, they are most commonly adapted' to the water environment. 

Lungs, f hese are most simply defined physiologically as respiratory sur¬ 
faces folded into the body, a description that includes a variety of structures, 919 
They are usually aerial, although in some cases they are water-filled and 
extract dissolved oxygen. In all canes the lung surfaces must be moist, and gas 
transport occurs across a. thin water film. Lungs'ire of two general types, 
diffusion andvertrilttioft, depending on the presence of renewal mechanisms. 
All the lung-like organs considered here are parts of or outgrowths from the 
alimentary tract. ■ 

Wat&r'lmp, Water-lungs ire found in several invertebrate phyla and 
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consist essentially of respiratory cavities filled with water, rhythmically drawn 
into and expelled from the body. Respiratory trees of holothurians are alter¬ 
nately filled and emptied by means of muscular movements of the body wall, 
and gas exchange occurs by simple diffusion between the lung water and body 
fluid. 55 The entire hind-gut of the gephyrean worm, Urechis caupo, consti¬ 
tutes a respiratory organ, muscular contractions of the cloacal region serving 
as the pumping mechanism. 142 This thin-walled respiratory surface, adjacent 
to the coelomic fluid which is constantly agitated by antiperistaltic waves in 
the hind-gut, provides adequate gas exchange; water expelled from the hind- 
gut contains less oxygen by about 40 per cent and more carbon dioxide than 
the surrounding medium. 298 The pulmonate snails, Limnaea and Planorbis; 
are able to live under water for considerable periods of time, the lungs filling 
with water and aiding the skin in respiration. Water can be rapidly sucked 
into the "Endblase” or hindmost gut in the dragonfly larva (Aeschna) and 
brought in contact with the respiratory surfaces. 346 

Alimentary Mucosa. Some vertebrates possess modified gastrointestinal 
epithelium which permits uptake of oxygen from swallowed air. Gastric 
respiration is known to occur in such tropical forms as Plecostomus and Ancis- 
trus, 61 > 62 and intestinal respiration has been demonstrated in a great many 
other varieties of fish. In the loach, Gohitus, gas exchange is indicated not only 
by the histologic nature of the mucosa but also by direct determination of the 
gas of the intestinal lumen, which shows less oxygen (15.7 per cent) and more 
carbon dioxide (3.0 per cent) than does air. 58 Some of the South American 
tropical fish which inhabit waters low in oxygen are also regarded as intestinal 
breathers (Doras, Loricaria, Callickthys, and Hoplostemum). 87 ■ 

Gas Bladder . The gas bladder, considered by many to be the forerunner of 
the vertebrate lung, functions in respiratory exchange in many of the physo- 
stome (open-duct) teleosts, ganoids, and dipnoans. To be efficient as a respira¬ 
tory organ, the gas bladder must have some renewal mechanism. Many 
gas bladders have a respiratory type of epithelium, partitions forming "alveoli,’' 
and their own blood supply derived from the pulmonary arch (Fig. 40). The 
gas bladder can serve merely as an accessory organ when the oxygen tension 
falls, as in the actinopterygian, Polyptem, or as the main respiratory mechan¬ 
ism in the true lungfishes, Protoptem, Lepidosiren, and Neoceratodus, m > m > 
287, 280 (p or a stimulating discussion of the adaptability of the African lung- 
fish, see Homer W. Smith’s Kawongo, 330 ) As a respiratory organ the gas 
bladder must give up oxygen and take on carbon dioxide so that analyses 
should indicate less oxygen and more carbon dioxide than in the inspired 
atmospheric air, a situation shown to exist in many physostome fish. 187 - 309 
The occurrence of a very high oxygen concentration, up to 87 per cent in some 
cases, in the gas bladder of physoclyst (closed duct) fish from great depths is 
of interest in connection with possible gas secretion and hydrostatic function 
but apparently is of little respiratory consequence. If the bladder is punctured 
or the fish put under considerable pressure so as to increase the specific gravity 
of the animal, the oxygen content of the swim bladder increases, indicating gas 
secretion. This gas exchange is under nervous control. 220 The physoclyst 
perch, Perea flavescens, taken from surface water contains oxygen in approxi¬ 
mate equilibrium with atmospheric air, but jf the fish is subjected suddenly 
to an oxygen deficiency, as by rapid submergence to a considerable depth, the 
* 1 Hfr / - 
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oxygen in the swim bladder is given up to the tissues, indicating a storage func¬ 
tion of the structure operating in times of stress (Fig. 41 ). 187 When subjected 
to asphyxiating conditions in the absence of carbon dioxide the tautog and 
toadfish use virtually all of the available oxygen in the swim bladder, the scup 



Fig. 40. Lungs of the dipnoan, Protoptem annectens, viewed from the ventral side. 1 

The main arterial blood supply (p.a.) is derived from the pulmonary (sixth) arch. From I 

Parker, "S 

and killifish use about two-thirds. 806 With increase of carbon dioxide in the 
water, the oxygen utilized from the swim bladder is diminished. 

Diffusion Lungs, In the absence of ventilating mechanisms the lungs quite .. j 

naturally are supplied with air by diffusion. This system imposes limitations 3 

on both the size of the animal and the rate of metabolism, but the mechanism 
is not uncommon, particularly among the arthropods and molluscs (Scorpioni- 
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dae, Pedipalpi, Araneidae, itoredlrotutou!, Jancilidae), Book iutt|o of ilttt 
scorpion, Qpistlwphthalmus cafmk, for ittstamr, with nu ventilating apparo- 
tus, provide for practically all the respiratory exchange of the organism Hr 
moral of the brmk lungs reduces the gas exchange to approximately im. m 
Adequate diffusion occurs with slight differences in oxygen pressure. owing 
to the large surface area of the lungs, Calculations of pressure tliffmuces 
across the respiratory epithelium indicate that values .w low as I mm, lig in 
the chib{xxi, SVnfigem,'"’ and 2 min 1 Ig in the air breathing judinfinatc, 
Ari'miA' are sufficient for gas exchange, 

Ventiktum Lungs. The respiratory ellkicmy of ventilation lustgs is im¬ 
proved as a result of the higher average oxygen gradient maintained across tin* 
lung surfaces. Two kinds of ventilating mechanisms are found among vertr 
brutes, a jnisitive pressure type in w hich air is forced into the lungs by swallow 
mg (as in the frog), and a negative pressure system in which air is drawn 
into the respiratory cavities bv increasing the space abnur tbr lungs "as in 
man). During eupmsi (normal breathing} in nwtmnaK, mspiraiion is active 
and expiration largely passive, hut in some animals both movemenis may {*• 
effected by active muscular contraction, as tit birds 3 * 1 and turtles/ 19 
Increase in metabolic requirements of higher animals is correlatrd with 



Fig, 41, X-utlitjgraph of phytwlyst perch, JVi«, showing the swim hUkter, *ri 
emergency oxygen store as well as a hydrostatic organ From f lalJ ,m 


greater complexity of. the lungs and with lets dependence on cutaneous and 
gill respiration. The lungs are characterized by (!) increased surface area 
and partitioning into alveoli, (2) greater vascularization, and (J) more die 
quale ventilation. 

Although the lungs of some mammals have been describe] as being partially 
devoid of "respiratory epithelium," thereby exposing mesodermal endothelium 
of the capillaries to the alveolar air, the recent review of GuieyttePdlmict ,1 ‘ 
concludes that the evidence is based on inadequate technique and that the 
respiratory epithelium, although occasionally enucleate, is complete. Muscle 
fibers can he demonstrated to the wills of reptilian lung*® 9 and down to the 
alveolar sacs to those of the mammal. Active owiractteri of .the respiratory 
musculature correspond to the vend f atom rhythm, 

Gas exchange across tot. moist respiratory mmhmm mm adequately pro 


Heijpirarirot and Meiabnliim 


221 


vided by forces id physical diffusion and dots not require the additional process 
of wtirtk>« as fhdd<tne m contended earlier”- IH Mice when administered 
carbon dioxide containing the radioactive isotope 0* show a rapid two-way 
exchange uf the gas utio* the lung surface with a total effective transfer from 
the blond to the alveoli ’ 1 * 

In birds the characteristic lung mechanism equipped with air sacs permits a 
two-way Hushing uf the lungs and provides for gas exchange during both 
inspiration ami expiration (fig. 42), Calculations by Rrogh 8 ” indicate that 



three fourth* of the total inspiration (tidal volume} is taken up by air sacs 
and one fourth by the lungs themselves The respiratory exchange is auto¬ 
matically tncmtidl during flight by the lynchronialion uf wing and respira 
tory movemoitt.. Similar coordination between' respiration and flight move¬ 
ments occurs m bis * 94 

The lung type uf respiratory imhimsm i* advmtagewi nut only by virtue 
of ate and'of adaptability to homoiothttrifuc activities, but af» If reason of 
the «MctKm p«vkW ifatnst mechanical damage and dehydration, .and as 
further opportunity for efcteftt ventllaim Lungs, probably derived from the 
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gas bladder of primitive bony fish, have very satisfactorily met the respiratory 
requirements imposed on animals in passing from aquatic to aerial media. 

Tracheae. The phylum Arthropoda has monopolized the evolution of the 
tracheal mechanism, a distinctive system of air tubules, opening to the outside 
through spiracles and ramifying to all parts of the body to penetrate tissues 
and even cells, The system is adapted to aquatic as well as terrestrial condi¬ 
tions, permits rapid oxygen uptake, and allows a high degree of animal organi¬ 
zation; the main limitation seems to be the size attainable by tracheates. As 
with lung mechanisms, the tracheal system may be dependent either on simple 
diffusion for air or, in more active and larger forms, on mechanical ventilation. 

Respiratory movements are generally absent from the arthropods Onycho 



Fig, 43. Tracheal response to osmotic change during rest (A) and after activity (B). 

1, trachea; 2, tracheal cell; 3, parts of tracheoles containing air; 4, parts of tracheoles 
containing fluid; 5, muscle. From Wigglesworth.* 

phora, Arachnida, Myriapoda, and Chilopoda, from most terrestrial larvae, 
from all pupae, and from many small winged adult insects. 218 Size and metab¬ 
olic rate are important factors in regard to the adequacy of simple diffusion, 
and although some insects (Periplaneta, Dixippus) rely on diffusion when at 
rest, they call upon ventilation movements during higher levels of .metabolic 
activity. 

The innermost ends of the tubes, the tracheoles, are fluid-filled in some 
insects and are certainly permeable to water, They may respond to changes 
in muscular activity by shifting the fluid reversibly between the tracheoles 
and the tissue, According to Wigglesworth, 305 in mosquito (Aedes) and 
dragonfly (Aeschna) larvae water is withdrawn from the tubules by the 
osmotic effect of increased acid metabolites produced during activity, and air | 

in the tracheoles then moves closer to the cells, the process being’reversed | 
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presumably after the period of exercise j^Fig. 43). In Drosophila larvae the 
entire tracheal system is permeable to respiratory gases and water, and various 
mechanical stimuli may cause fluid uptake by die tubes. 104 In Sciara larvae, 
however, the tracheoles, even in the terminal regions, never normally contain 
fluid after their initial filling with gas. 201 The filling process can begin at a 
point within a main tracheal trunk, can occur in the near absence of oxygen, 
but is inhibited by totally anoxic carbon dioxide, carbon monoxide, and nitro¬ 
gen, and by low temperature (0° C,). The filling seems to involve an internal 
source of gas produced metabolically. 54 

Special tracheal systems permit aquatic respiration in certain insects (see 
page 215). Many aquatic insects possess hydrofuge faculties which permit them 
to make contact with air through specially modified structures of the body. 
The water-air surface film can thus be penetrated, and unwettable spiracles 
exposed to the atmosphere, to facilitate gas exchange, Hydrofuge hairs enable 
some insects (Dytiscus, Notonecta) to trap considerable quantities of air, which 
is then carried below the surface and used as an oxygen store. 305 The very 
great efficiency of such surface-borne air in the respiration economy of diving 
insects (e,g., Amphelocheirus, Hemiptera) has recently been pointed up in 
regard to the "plastron” mechanism, 343 The plastron ("Lufthulle”) is essen¬ 
tially an epicuticular hair-mat with its trapped air serving as an oxygen supply 
while the insect is submerged. Not only is oxygen which was originally 
obtainedat the surface given up by the air, but, as a result of the invasion 
coefficients between the gases and water, nitrogen leaves the plastron slowly, 
while additional oxygen diffuses in from the surrounding water. Such a system 
was noted by Ege 100 as bestowing on the plastron air an oxygen supply about 
thirteen times as great as that actually afforded by its original volume. 

Tracheae may be regarded as the arthropod contribution to respiratory regu- 
lation-an efficient mechanism, but restricted by the limits such a system 
imposes on the size attainable by the organism, No other group of animals 
has met the respiratory problem' in quite this way. 

Summary. We see then a number of respiratory adaptations which have 
developed to facilitate gas exchange. Diffusion per se through the body surface 
is sufficient for the smaller organisms and accounts for gas exchange across 
special respiratory surfaces. The structural modifications in respiratory mech¬ 
anisms essentially have been along the lines of increasing surface area, improv¬ 
ing ventilation, and bringing the respiratory gases into more immediate contact 
with the internal transporting system. Gills are characteristic of aquatic forms; 
lungs and tracheae have made possible the complex development of land 
dwellers. 

THE LEVELS OF OXYGEN CONSUMPTION 

The metabolic economy of animals shows a Wide variation in adjustment 
to oxygen availability. Most organisms have plenty of oxygen at their disposal, 
but some are adjusted to oxygen deficiencies and others to what constitutes 
essentially an oxygen-free environment, The rate of oxygen consumption 
reflects the metabolic activity of aerobic organisms and is modified by a number 
of intrinsic and extrinsic factors, Such physiological changes as hyperthyroid¬ 
ism, aging, hibernation, estivation, the recovery from oxygen debt after exer¬ 
cise, and the like, may alter the oxygen uptake. Such environmental conditions 
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as temperature affect the rate of oxygen consumpti x Gas exchange is not the 
only index of activity or energy production of an organism, but its correlation 
in a quantitative way with rate of metabolism and heat production has made 
it the generally accepted standard of the over-all measure of metabolic 
processes. 

The Determination of Oxygen Consumption, It is unnecessary to discuss 
here in detail the many methods and their uses that have been elaborated bv 





m 




Fig. 44. Respirometers developed by (a) Warburg, 1 " 7 (b) Fenn, 110 (c) Scholander 
and Edwards , 1m and (d) Holter and Linderstrom-Lang. 170 

a host of investigators in the field. The monographs of Dixon" 3 and Krogh,- 14 
as well as Hcilbrunn s text, 184 Umbreit’s handbook, 343 and, if micromethods 
are desired, the important review by Tobias, 346 should be consulted for ex¬ 
tensive bibliographies as well as discussions of principles, sensitivities, and 
limitations involved in the various techniques that have been devised. The 
early literature was ably summarized by Tigerstedt. 344 


The mensuration and interpretation of respiratory gas.exchange dates back 
to the significant efforts of Lavoisier, whose work seems to have inspired the 
notable group to follow, including Seguin, Liebig, Pettenkofer, Voit, and 
Rubner. Further comparative physiological investigations were stimulated by 
the careful determinations of oxygen consumption by Regnault and Reiset 
during the middle of the past century. Today the literature on respiratory 
measurement-and the field has moved largely into the determination of cell 
and tissue respiratory mechanisms-is replete with the works of Warburg, 
Fenn, Linderstrom-Lang, Needham, and others who have designed and 
developed various types of apparatus'to attack significant respiration problems 
(Fig. 44). 

Determinations of gas exchange and oxygen consumption, particularly, have 
been made on a great variety of organisms, but owing to the vicissitudes of 
both animals and techniques the results are sometimes difficult of interpreta¬ 
tion. The difference between “standard 1 ' and “basal" metabolism, 214 the 
variations in oxygen consumption due to size and activity, with the attendant 
difficulty in attaining "normal" conditions, 286 the apparent shift in anaerobic- 
aerobic respiratory mechanisms induced by experimental procedures 281 ~these 
and e ther difficulties make the task of presenting representative oxygen con¬ 
sumption values a precarious one. Nevertheless some limited data are tabu¬ 
lated, which bear on currently significant aspects of comparative physiology. 
Other extensive surveys of oxygen consumption may be found in the reviews 
in Tabulae Biologicae by Loewy 282 and Krebs 208 —both of whom consider at 
length tissue as well as organism metabolism-and particularly in the tables 
in Heilbrunn’s Outline of General Physiology. 114 

The method of expression of the oxygen consumed presents a problem in 
itself. A general convention and one that has been followed here is to present 
the data as cc. oxygen consumed per gm. wet weight of tissue per hour. Such 
a figure is of considerable comparative value, easily computed from current 
gasometric data, and readily converted into standard metabolism units. Oxygen 
consumption may be expressed in terms of grams rather than cubic centi¬ 
meters, or as dry (Qo 2 values) rather than as wet weight of tissue. For some 
organisms it is convenient to use, in lieu of weight of tissue, numbers of 
individuals, as the oxygen consumption of Protozoa may be expressed as cc./ 
million/hr. 141 ' 270 and of sperm as “Zo 2 " values-cu.mm./lO 8 sperm/hr. 32 
The recent application of the Cartesian diver principle to the determination of 
live weight of Amoeba has introduced another standard—the 0 2 consumed 
(in microliters) per gamma of “reduced weight" per hour, where reduced 
weight corresponds to the weight of the live object minus the weight of the 
water displaced. 171 

Oxygen Consumption in Relation to Size. Small organisms have higher 
rates of oxygen consumption than larger organisms when determined both for 
animals within a given species and for those of closely related phylogenetic 
groups. Since the days of the early metabolism studies on man, fat people 
have been recognized as having lower oxygen uptake per unit weight than 
lean individuals. This has been attributed to the “amount of active proto¬ 
plasmic tissue” as the basis for oxygen consumption. 28 Recent studies of the 
metabolism of some of the smallest mammals, including shrews weighing 
3 to 4 grams, give additional evidence for the general rule relating gas exchange 
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to size (Fig. 45, and Table 38). 2B8 - 277 The high oxygen uptake of the long¬ 
tailed shrew, 13.7 cc./gm./hr., is startling; it may be noted that the food intake 
too is enormous-something like its own weight in food every 24 hours! As 
noted recently by Pearson the asymptotic increase in metabolic rate with 
decreasing size places the lower limit of size for mammals at about 2.5 gm.; a 
smaller mammal would be unable to obtain adequate foot! fnr its infinitely 
rapid metabolism. The metabolic values for these small mammals exceed the 
oxygen consumption of Protozoa; assuming a specific gravity of about 1, Para¬ 
mecium respiration is 6.0 cc./gm./hr., 2811 and that of Tetrahymena geleii is 
10*12 cc./gm./hr. at 25° C. 270 

The rate of oxygen consumption is correlated with body weight as an 
exponential function and tends to follow the increase in surface area .rather 
than weight per se, For instance, in fish (pike and tench), oxygen uptake 
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Fig. 45. Oxygen consumption of small mammals plotted as a function of body weight, 
indicating the surface area rule within this group. From Pearson.*" 

seems to increase in direct proportion to the surface area, Le,, cc.O a =kW°' M , 
where W is the body weight, and k is a constant for the organism, #w Most 
determinations yield an exponent in excess of that indicated by the "two- 
thirds rule. On a series of rodents Morrison 28 * found good agreement with an 
exponent of 0,73 (adopted by the Conference on Energy Metabolism, 1935) 
relating weight to basal metabolism, and a slightly higher value of 0.798 was 
obtained for the kelp crab, Pugettia product a, by Weymouth and his co* 
workers 88 * (Fig, 46). Results on a number of different species of Crustacea 
indicate the same general correlation between bqdy surface and oxygen con¬ 
sumption. Failing to establish direct correlau'on with surface area and body 
weight in mammals, Brody 88 relates basal metabolism to "metabohcaliv effec- 
body weight," 

The general relationship of decreasing metabolic rate with increase in body 
size holds for small marine organisms, although those weighing less than 1 
obey the surface law. 8 * Zeu then’s thorough-going 


such forms as coelcnterates with a high water content and the more solid forms, 
and further that the phylogeneticallv advanced groups show a higher rate of 
metabolism than the more primitive ones (Fig. 47), 

The higher "reaction rate" of smaller animals is associated with increased 

T ABLE M OXYGEN CONSUMPTION OF SMALL ADULT MAMMALS 
UNDER APPROXIMATELY BASAL CONDITIONS 


Animal 

Weight 

Air 

Temp, 

Qi Consumption 
cc./gm./hr. 

Long tailed shrew (Sortx c. aWm)®* 

3,4 

24-28 

13.7 

Wandering shrew (orrpe vagrant vagram) m 

4.5 

24 

8.6 

Monterey shrew (Sores trmbideii mntmyemis )<$ m . 

6,7 

24 

7.2 

Sonoma shrew (Sore* pacifkm mmuw) $ m 

9.2 

24 

6.1 

Sonoma shrew (Smx paeifim mame)9 m 

11.2 

24 

5.5 

California harvest mouse (Heithrotbntmys 

9.6 

24 

3.8 

mgahth 



Kangaroo mouse (Mkwdipodapn mtgmphalm 

14.4 

24 

3.7 





Kangaroo mouse (Miaodipodops mpeephahs 

14.8 

24 

3.4 

mutui) 9 m 




House mouse (Mur thmscu/uj)** 

15,8 

24-28 

1,53 

Dm mouse (Peromyictit mtrifcuhtvt)* 

17.1 

24-28 

1.65 

White mouse (Mus mumlus) m 

21,2 

28.5 

1.59 

Red backed mouse (CUfhriiwiomyi gapped 

22.8 

24-28 

1.50 

ochrmovutf* 




Deer mouse (Ptrmyicut ltucopus) m 

24.2 

24-28 

1.46 

Pine mouse (Piiymy* jjr.f* 

26.3 

24-28 

2.56 

Dormouse (Myoxat arbor)** 

43.0 

24-28 

1.75 

Hamster (Crketus mretus) m 

100.0 

24-28 

1.05 

White rat (flattwj raifui)* 

350.0 

28 

0.77 


need of oxygen, but the matter of heat loss is also important in the metabolic 
economy of small animals, particularly in that of homoiotherms with inade¬ 
quate insulation. Mice huddled together apparently for warmth consume less 
oxygen as a group than they do when separated and measured individually. 276 
However, in the absence of data on body temperature and activity, absolute 
values are not available for a close comparison of these groups. Similar evidence 
on the brown snake, a poikilotherm, shows this aggregation-oxygen decrease 
effect. 78 

Oxygen consumption studies by Scbolander (personal communication) on 
arctic, temperate, and tropical mammals indicate that the metabolic regulation 
may be in part a function of the insulation efficiency of the body surface and 
in this respect correlated with surface area. Heat production along with oxygen 
consumption tends to follow roughly the surface rule, the weight raised to the 
0.66 or 0.73 power, A linear relationship is obtained when the log of the beat 
production is plotted against the log of weight (Fig, 48), 25 

A correlation between oxygen consumption and brain weight was made by 
Crik, 78 for a number of invertebrates and vertebrates from various phyla, The 
correlation apparently reflects the relation of body surface area to brain weight, 
but represents more significantly the dependence of metabolism on the dis¬ 
tribution of active protoplasm. 
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In conclusion, although many correlations have been demonstrated between 
metabolic rate and functions of the body weight approximating surface area, 
there is scant evidence to indicate the causes for this relationship. The cor¬ 
relation reflects the changing activity of the protoplasm of the body cells. 
Whether this condition will be demonstrated as due to decrease in rates of 
chemical reactions, enzyme concentrations, growth substances, or whatever, 
must depend on future investigations. 

Oxygen Consumption in Relation to Age. No simple correlation can be 
made between oxygen uptake and age; rather, the different phases of develop- 



Fig. 46. Double log plots of oxygen consumption and body weight of the kelp crab, 

P ugettia, and of several related Crustacea. From Weymouth et al.* 1 

ment must be considered separately. Oxygen consumption of young animals 
is higher than that of their older relatives, indicating in some measure the size 
relationship considered above (Fig. 49). Older organisms tend to “run down” 
as oxygen-consuming processes go on less rapidly, a phenomenon possibly 

A peak in metabolic activity is usually well marked a short while after birth 
or hatching, as, for example, in the chicken (Fig. 50). The period of greatest 


oxygen consumption in a number of domestic animals has been demonstrated 
by Brody and his co-workers; cattle, for example, reach their maximum metab¬ 
olic rate between weaning and puberty, swine at the time of puberty, but 
horses do not reach it until maturity. 51 Comparable studies on human metab¬ 
olism are summarized in the work of Krogh, 214 indicating the maximum is 
reached at two years of age; more recent data, however, would put this some¬ 
what earlier, near the time of weaning. 30 ' 180 This increasing metabolic rate 
in young children is perhaps due to marked development of the musculature 
during this period rather than to a general development of the body as a whole. 
Breaks in the growth curves have been demonstrated in lower vertebrates as 
well, particularly among Amphibia. The break in the growth curve for R ana 
corresponds to the end of the gastrulation period. 7 The break in the otherwise 



Fig. 47. Comparison of metabolic rate of various animals as a function of 
body nitrogen. After Zeuthen. s8< 


smooth exponential growth curve of Amblystoma is rather prominent and 
| comes at the sixth or seventh day of development (Fig. 51). 88 Amerling’s 

data, 6 based on the resistance to oxygen lack (‘‘Zeitdauer”), support the con¬ 
cept of increasing dependence on oxygen as the resistance decreases steadily 
up to about the 12 mm. stage and then levels off more gradually. 

A correlation in rate of oxygen consumption with age may be applied to 
., cultures of microscopic organisms. Cultures of the protozoan Chilomonas 

paramecium decrease in oxygen consumption from 0.35 to 0.17 and 0.11 cu. 
mm. per hour per 10,000 individuals in cultures which age 24, 48, and 72 
-I hours respectively. 177 It would be of interest to know whether subsequent 

determinations on these cultures might show a further decrease or a leveling 
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off of oxygen consumption, thereby giving some indication as to the nature of 
the mechanism: whether the decrease is due to the utilization of food material 
or to accumulation of deleterious metabolites; crowding, etc. 

Respiratory exchange of embryonic mammals was regarded by Bohr and 
Hasselbalch 48 to be directly proportional to weight rather than surface area. 
Barcroft’s data 17 on sheep and goat fetuses, obtained by measuring oxygen 
tensions in the umbilical artery and veins, indicate furthermore that the oxygen 
uptake js lower (0.0026 cc./gm./min.) than would be expected when com¬ 
pared with adult tissues, and may be considered a reflection of the adequate 
temperature conditions provided by the parent, thereby relieving the offspring 
of the necessity of using energy for warmth alone. The shift in dissociation 



curves to permit the fetus to pick up, and the parent to give up, oxygen more 
readily permits adequate gas exchange at these metabolic levels 17 (see Chapter 
9). Bohr 41 ingeniously controlled the umbilical blood flow in urethanized 
guinea pigs, at the same time taking tracheal samples, and demonstrated that 
the gas exchange of the parent and that of the fetus are almost the same, 
hmbryos of snakes 42 and turtles 287 undergo a gradual decrease in oxygen 
consumption with development; in turtle embryos there is a possibility that a 
considerable part of the oxygen consumption is associated with the catabolism 
of quantities of protein. One would expect a new metabolic peak to develop 
after the young are hatched. 


In the earlier stages of embryonic development there appear abrupt changes 
in the respiratory exchange, correlated with profound developmental mile¬ 
stones as cleavage, gastrulation, diapause, metamorphosis, and fertilization 
itself. Years ago Warburg 856 demonstrated a seven-fold increase in oxygen 
consumption in Arbacia eggs at the time of fertilization, a phenomenon ade¬ 
quately substantiated on a number of other forms. In Fundulus, besides the 
increase at fertilization, a second marked increase occurs at about the time 



; Fig. ^9. Decrease in metabolic rate with age of several birds and mammals. Age in 

:j: months, except for man in years. After Benedict and Talbot.* 1 

when the vascular system begins to flourish. That all embryonic forms do 
| not follow the same respiratory pattern, however, is clear from the work of 

Tang 887 on the starfish and that of Brachet 47 on Amphibia, which show no 
increase in oxygen consumption at fertilization. In fact, the clam, Cumingia, 
and the annelid, Chaetopterus, undergo a decrease in oxygen uptake at the 
time of fertilization. 362 ' 8118 An increasing metabolic rate of rat eggs during 
): early cleavage is correlated with an increase in volume, in turn attributed to 

water uptake and probable yolk-protoplasmic conversion. 89 For an extensive 
review of the literature concerning embryonic metabolism, the reader is 
referred to the thorough treatment by Needham 239 and Boell. 38 
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HI 2 3 4 5 6 7 8 

WEEKS 

Fig, 50. Metabolic peal in Rhode Island Red chickens at end of first month 
after hatching. From Kibler and Brody. 503 



100 200 300 400 500 600 

AGE IN HOURS 

Fig. 51. Respiration of Amblystoma embryos expressed as m/tl. On/100 /igm. dry wt./ 
hr., showing break in developmental rate at about seventh day. Arithmetic and loga¬ 
rithmic curves plotted from same data. From Boell.* 


Rogers 302 presents an interesting discussion of the decreasing oxygen uptake 
with age in the small crustacean, Simocephalus, measured immediately after 
hatching et sequentia, during several larval and brood mother stages (Table 

Pupating insects present a unique case, with general agreement among 
investigators on the shape of the curves if not on their interpretation when 
oxygen uptake is expressed as a function of pupation time. A broad U-shaped 
curve is usually obtained, the minimum corresponding with the middle of the 

TABLE 39. OXYGEN CONSUMPTION IN SIMOCEPHALUS EXPRESSED IN 
PER CENT OF UPTAKE IMMEDIATELY FOLLOWING HATCHING, 

ALL ADJUSTED TO SAME RELATIVE WEIGHT.™ 


Relative Oxygen Uptake 


Hatching (5.6 x 10' 7 cc./individual/min.) 

3rd instar 

1st brood mother 

3rd " " 

5th " " 


pupal interval. 22, 38,171,1 m< 380 The down slope generally has been represented 
as the period during which histolytic processes predominate, while the up 
slope, indicating a rise in rate of oxygen consumption, corresponds to the more 
constructive phase of dedilferentiation. This, however, seems to be an over¬ 
simplification and based on inadequate evidence. As Krogh 214 has pointed 
out, “the expenditure of energy required for tissue formation is quite small/’ 
and furthermore the change from catabolic to anabolic processes for the 
organism as a whole would not be expected to occur all at once. Thus the 
oxygen consumption data on the rnuscid flies, Calliphora and Lucilia, for 
example, do not indicate any sudden change, at least on a weight basis, to 
account for the abrupt change-over from decreasing metabolic rates. 76, 358 It 
seems more likely that the shift in respiratory exchange results from alterations 
in the respiratory pattern, involving different substrates and the balance 
between aerobic and anaerobic processes. 

Among bees, the larger, better-nourished queen outstrips the workers in 
regard to metabolic activity and growth (Fig. 52). Her relative superiority is 
shown in larval, pupal, and pre-adult stages, calculated on both a weight and 
an individual basis. 261 

The use of oxidative poisons and of oxygen deprivation has made it possible 
to test the relative dependence on oxygen of the various stages of development. 
In many animals a transition from predominantly anaerobic to aerobic condi 
tions is indicated. In the squid, Loligo pealei, for instance,, an increase in 
cyanide sensitivity can be shown to parallel the increase in oxygen consump 
tion and carbon dioxide production during development. 243 A 5-day embryo 
withstands exposure to N/1000 NaCN for 20 hours, but older embryos show 
a gradually increasing cyanide sensitivity until the stage of the newly hatched 
embryo, which has a tolerance of only 1-2 hours, A Vi-inch squid and the 
adult have even less-a tolerance of only 1 minute. Organisms in the same 



















class may show considerable variation in cyanide sensitivity; Frnduks eggs are 
particularly resistant to cyanide and azide in concentrations which are very 
toxic to the pelagic eggs of the cunnar, mackerel, and scup. 282 With develop¬ 
ment, however, the Frnduks eggs too become sensitive to the respiratorv 
poisons, indicating a change in respiratory pattern. Frog eggs can cleave under 
anaerobic conditions to form blastulae, but oxygen is necessary for complete 
gastrulation and subsequent development. 47 Cyanide sensitivity in Para- 


in a comparison of newborn and adult dogs the oxygen consumption both of 
brain tissue and of the intact animal was demonstrated to be significantly lower 
in the pup. 1B7 Isolated fibroblasts of the chick heart survive anaerobically and 
take up little oxygen during the first five days of development, but tissues from 
older chicks become sensitive to oxygen lack 57 and increase their rate of oxygen 
consumption. 

In summary, we find that developing organisms tend to show a decrease in 
oxygen consumption with increasing size, but in very early and embryonic 
stages reflect profound developmental transitions involving structural changes, 
tissue formation, and shifts in the types of respiratory mechanisms. A high 
rate of oxygen consumption at fertilization and cleavage is usually followed 
by a gradual decrease with embryonic development until birth or hatching, 
after which the rate ascends to a maximum, to be succeeded by another slump 
with advancing age. 

Oxygen Consumption in Relation to Species. The differences in absolute 
consumption values between species have in a few instances been shown for 
“races” within the species, a condition probably representing genetic differ¬ 
entiation within the group. Certainly more such data are needed before any 
general interpretations regarding their significance may be drawn. Metabolic 
differences have been claimed for human populations, 25 but a re-evaluation 
of the importance of the environmental factors as serious sources of disparity 
should be made. In comparison with the standard basal metabolism values 
(B.M.R.) for Caucasian men and women (United States), those of Mayan 
Indian males are claimed to be 8 per cent higher, those of Miao (West China) 
males 16 per cent higher, and those of Araucanian Mapuche (Chile) men 
and women are claimed to be significantly higher than those of comparable 
age groups in the United States. The metabolism values for Indian women 
from the southern provinces of Tamil and Malaydis are consistently lower than 
the figures for Caucasians. 25 

Curiously, adult Drosophila melanogaster of the vestigial strain have been 
shown to have a slightly higher oxygen uptake than normal wild type flies, 
and the latter a higher consumption per weight than hybrids. 267 Dobzhansky 
and Poulson 94 showed, in what was then considered Race A and Race B of 
D. pseudoobscura (now regarded as D, pseudoobscura and D. persimilis ), a 
difference in gas exchange when measured at 25° and 14° C., their respective 
environments. Although the oxygen uptake in the two races was the same at 
14° C„ Race A which normally inhabits the warmer climate had a lower 
oxygen consumption at 25° C. than did Race B, a form of adaptation to the 
higher temperature. Specific differences in minimum oxygen requirements 
for several species of Drosophila have been reported, D. obscura requiring 2.8 
per cent oxygen in air, compared with D. melanogaster, which was claimed 
to need only 1.6 per cent. 81 Recently the “killer” strain of Paramecium aurelk 
was shown to have a higher oxygen uptake than the genetically different 
“sensitive” strain. 826 Owing to the profound if complex genetic control of 
metabolic activity, it is to be expected that hereditarily distinct varieties of 
organisms Would show different and characteristic physiological behavior 
patterns, particularly under conditions of metabolic stress, reflecting climatic 
and other adaptations. 

Oxygen Consumption in Relation to Sex. Although sex differences in 


WORKER 


* 6 8 10 12' 14 |6 

time in days 

% 52. Oxygen consumption during larval and pupal development in the honeybee, 
showing the increased rate of the queen compared with that of’ the workers, on both a 

°“ ) ta ' p ’ rf papa,ta ' 

mectum maybe correlated with food supply, well-fed (younger) individuals 
being more sensitive than starved (older) animals. 270 

Total metabolism is of course the sum of the individual tissue metabolic 
activities, and it is not surprising that certain, tissues show a variation in oxygen 
consumption With age, Investigations on the gill tissues of Venus are con¬ 
sistent with the bulk of the literature in demonstrating that tissues of younger 
animals respire at a higher rate than do those of older animals, 172 However, 
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metabolic rates are not easy to detect in lower animals, owing to the difficulty 
of establishing ''basal’’ or standard conditions, differences in the metabolic 
rates of men and women have been recognized since the extensive work of 
Benedict and his co-workers. 25, 20 ■ 20 Human males have a higher rate of 
oxygen consumption than females, at all ages, and the difference becomes 
more marked with increasing age. The difference may be attributed to more 
"active protoplasmic tissue” in males, as was indicated by Benedict for the 
correlation of oxygen uptake with age; it may also represent a genetically 
determined endocrine-controlled state of higher metabolism. A method for 
the determination of the time of ovulation in -women is based on the abrupt 
increase in body temperature, presumably accompanied by an increased oxygen 
consumption, which occurs at about the time-of rupture of the ovarian follicle. 

When an appreciable difference in size exists between male and female the 
analysis of sex difference is rendered more difficult, as in the sand crab, 

Emerita, in which the male is smaller than the female and on a weight basis 
has a higher gas exchange. 105 Sex differences have been indicated in insects, 
although the data are not concordant or easy to evaluate. Oxygen consumption i 
by Drosophila pupae is about 21 per cent higher in females, 218 but the differ¬ 
ence decreases in later pupal life 267 and in fact was shown to be counteracted 
as the males finally develop a higher rate of metabolism than the females, a 
condition initially reported by Eoulson. 288 In the bee moth, Galleria, the males 
show a greater initial gas exchange, the difference vanishing with subsequent 
development. 77,341 An identical situation occurs in Daphnia. m One may con¬ 
clude with Krogh that these results on immature forms depend on the time of l 

measurement in the period of development, the degree of organized tissue for i 

each sex at that time, and the relative rates of differentiation. A clear.-cut case I 

of higher male metabolism has been shown in housefly adults (Muscadomesti- 
ca) measured at 20° C. 103 Another "sex” distinction in oxygen consumption is f 

the significant difference of 12 per cent in two well established mating types j 

of Paramecium calkinsi demonstrated by means of the Cartesian diver tech¬ 
nique. 40 

Oxygen Consumption in Relation to Nutrition. The effect of starvation on | 
animal metabolism depends on ability of the animal to live on stored reserves f 
during prolonged periods, The earlier work on man indicated a decrease in 
the metabolic rate with prolonged fasting, 240,803,353 but the extensive investi- > 
gations of Lehmann and co-workers 224 and of Benedict 23 have demonstrated 
little change before appearance of severe inanition. Comparable results are \ 
indicated by the work on other homoiothermic anima ls. In special cases, how- 
ever, as during hibernation, the decrease in food intake is correlated with 
reduced respiratory exchange, as well as with lowering of body temperature 
and profound cardiovascular changes, 

Among invertebrates many correlations have been made between oxygen 
consumption and nutritive intake in insects 38 and Protozoa . 27# The organisms 
behave as though they ate all they could, and their metabolic levels are deter¬ 
mined by the amount of oxygen necessary to utilize the food consumed. 

The nature of the organic food consumed determines the amount of oxygen 
required to oxidize it, a principle on which is based the science of biological I 

calorimetry. Lavoisier first demonstrated that the energy content of the food ? 

consumed by an organism very nearly equals the heat produced. The measure- [ 


ment of metabolic activity as a function of the heat produced (direct calori¬ 
metry) is less accurate and involves more care than the determination of the 
oxygen consumption from which the metabolic rate may be calculated (indirect 
calorimetry). The oxygen required and the caloric yield depend on the type 
and amount of organic food oxidized (Table 40). The respiratory quotient 


TABLE 40. OXYGEN REQUIRED AND CALORIES PRODUCED IN THE 
UTILIZATION OF DIFFERENT FOODS 


Organic Food 

Oxygen 

Required 


Average R.Q 

(Liters) 

(Grams) j 


100 gm. protein 

93.3 

133.4 ; 

419.9 

0.79 

100 gm. fat 

198.9 

284.4 1 

953.7 

0.71 

100 gm. carbohydrate 

82.9 

118.5 

419.3 

1.00 


(R. Q.), the ratio of volume of carbon dioxide released to oxygen consumed, 
is also shown in the table. 

The rapidity with which foods can be metabolized in different organisms 
is known to vary, even for similar substances in closely related animals. The 
respiratory exchange for the hexose sugars, fructose, glucose, and galactose, 
has been studied in several mammals and speed of utilization determined. 166 
The results for the different animals are indicated in decreasing order as 
follows: 


Man 

fructose, galactose, glucose 

Monkey 

glucose, fructose, galactose 

Goat 

fructose, glucose, galactose 

Gow 

glucose, galactose, fructose 


In both adult and larval Drosophila, fructose appears to be the most readily 
utilizable sugar tested. 140 

Oxygen Consumption in Relation to Activity. Every change in activity 
made possible by aerobic respiratory processes can result in an alteration of 
oxygen consumption, and it is assumed, in dealing with comparisons of other 
factors on oxygen uptake, that activity remains constant. Thus "basal” metab¬ 
olic rates are determined with activity at a minimum.* Such a condition as a 
standard of comparison is not always easily attainable, and some investigators 
have resorted to the use of anaesthetics. Curare 120, 340, 388 and urethane 41, 
212, 292 have been used to suppress general activity with no known specific 
influence on the respiratory exchange. Extreme doses must be avoided, owing 
to suppression of muscular tone. 

Oxygen consumption increases proportionally with activity to the limits 
imposed by the ventilation capacity of the respiratory mechanism and the 
ability of the transport system to carry the respiratory gases, The maximum 
metabolic exchange in mammals is some 15 to 20 times greater than the resting 
rate, although the oxygen consumed during the period of excessive activity 

* Not, however, under conditions of sleep, hibernation, or estivation. For an account 
of the latter in the lungfish see Smith* 
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will not he in this proportion, for ordinarily an oxygon debt develops which 
must bo liquidated after the respiratory stress. Insects, which do not build up 
much of an oxygen debt, may show respiratory excesses of 100 or more times 
the resting rate.™ 

The greatest metabolic increases with activity are those shown hy insects 
during flight- values as high as 90 liters of oxygen per kilo j»er hour having 
been recorded for bccs, 1M * m and for the butterfly, Vanessa (Zeuthrn, cited 
by Keogh* 1 ' 1 ), an increase of better than 100 fold (Table 41). Chadwick* 1 
ingeniously correlated wing movements with oxygen consumption in tmiivulu 
al Drosophila on flights of an hour or more. The oxygen consumption rate 


TARIM 41. OXYGHN CONSUMPTION OF SOM INSiCt S 
DU HI NO SIMULATED EIGHT 
(Expressed in ce./gm./hr.) 


Insect 

Condition 

th Qimumptiuit 



Average 

Matmtum 

Blow-fly (l.mlia serkataf” 

true Bight 

016 

lH?fl 

Butterfly (Thais msundraf"' 

nicotine 


216.0 

Butterfly (Vanessa sp.) 

convulsed 
true flight 

000 


(Zeuthen, unpul)., in Krogh"*) 
Hive bee (Apis 

true flight 


4120 

Hive bee (Apis nwllifera)"" 

true flight 

87.0 

I 100.2 

Bruit Hy (Drosophila uplmf' 

true flight 

21,0 

4i7 

Bruit fly (Drosophila americaf 

true flight 

21,8 



increases from 28 to 350 cu. mm./gm./min. to correspond with a wing rate of 
1 1,000 strokes per minute, Only a small oxygen debt develops, and this is paid 
off within two minutes after cessation of the flight. 

Various drugs can be applied to stimulate oxygen consumption in animals, 
just as anaesthetics may be used to depress metabolic activity. Potent stimu¬ 
lants are the compound dinitrophenol (DNP) and its derivatives, akin which 
a large literature lias grown up. As an example of the stimulating capacity of 
DNP one may cite the 342 per cent increase in rate of oxygen consumption 
demonstrated by Bodine and Boell® in grasshopper embryos during diapause. 
Of interest in this connection is the work of Clowes and Krahi 13 * w on Arbocte 
embryos, which demonstrates that although the nitrophenols may stimulate 
metabolism they inhibit cell division, thus emphasizing the polyphask nature 
and complexity of growth processes. 

Attempts to stimulate oxygen consumption by administration of endocrine 
products have met with some interestingly conflicting results. It is well recog¬ 
nized that thyroid extract, thyroxin, and thyroglohulin increase metabolic 
activity in amphibians and mammals. However, this is not true for all verte¬ 
brates. Fish clo not respond with a clear-cut increase in metabolism after 
thyroid feeding, 108 ' m and lampreys also fail to respond metabolkaUy to 
thyroid 178 - m (see Chapter 22), 

flic confinement of a number of animals together often stimulates them 
into increased activity and oxygen consumption, but the opposite effect is 
recorded for the goldfish, in which the presence of company seems to depress 


metabolism 81 '' if this work on Cmssius is experimentally sound, then it 
becomes a behavioristic prohlctn, because the effect of numbers in reducing 
metalmlism can he prevented by darkening the aquarium or blindfolding the 
fish. Conversely, according to Schlaifer, the oxygen consumption is decreased 
if mirrors are added to increase the apparent number of fish seen by the experi¬ 
mental animal. Indeed, even dead fish and fish mounts produce the same 
effect. A "group effect” also demonstrated in Pena may be attributed to the 
depressant action of metabolites produced by additional fish. 1 " 7 

The correlation between oxygen consumption and habitat is perhaps best 


TAB! Ii 42. OXYGEN CONSUMPTION OP HEATED ORGANISMS 
THOM DIFFERENT HABITATS 
(Expressed in cc./gm./hr.) 


Animal 

Habitat or Habit 

Weight 

Cgm.) 

th 

Consumption 

Isopuds* 

Asellus (Oj(twtiCiu' l> 

slow stream 

.0053 

.51 

Asellus aquatiem' 1 ' 

Trichupteriih* 

swift stream 

.0047 

.86 




l.immplnlus vilWfMs' 1 ' 

pond 

.0046 

.51 

Uydropwht sp. "* 

swift stream 

.0054 

.77 

Krnall ephrmrrid nymphs* 




Coerm sp."* 

pond 

.0011 

.29 

Claim dipterum”' 

pond 

.0003 

.61 

Ephmmlh igmltt” 1 

stream 

.001 

.95 

Bfltftis rhadimi‘ u 

swift stream 

.0003 

2.57 

Urge ephemerid nymphs* 




Ephemera vulgaut 11 * 

in mud, in pond 

.013 

.28 

Ephmm danka"’ 

in sand, in stream 

.014 

.37 

Ecdyonum venom* 1 * 

swift stream 

.006 

.61 

Crayfish! 



.07 

Astocut leptodaitvlm* 1 

lake 

— 

Asteon 

swift stream 


.10 

Fish 




Mackerel (Scomber sembm) 1 * 

active, fast swimmer 

138 

.726 

Builcrfish (Pmn oIms irimihm) 111 

moderately active 

184 (av.) 

,30 If 

fkup (SttfjtoteMHJ chryw-pi)'* 

sluggish 

123 

.174$ 

Tatung (Tautag mHh) u 

very sluggish 

120 

.062 

Buffer (Sphmides mmihtmr 

very sluggish 

■ 

.062 

lungfish (Lepidonren paradoxal™ 

air breather 

I 

.042 

Pimrucus (Amjxiimii gipsi"' 

air breather 

wmnm . ' 

.009 


considered in regard to oxygen utilization and critical oxygen tensions. Never¬ 
theless, oxygen-rich and oxygen-deficient media are significant and naturally 
have ken investigated widely, although not extensively enough. 118,278 A 
numkr of arthropods and several fish from different habitats and with differ¬ 
ent habits are listed in Table 42, with oxygen consumption measurements as 
determined at rest tinder laboratory conditions. In the aquatic arthropods, the 
more agitated and oxygenated the medium, the greater the oxygen consump- 

* Determined «10* C. undo mild urethane or chloretoue anaesthesia. 
fDeteitdat 19*21* C. ■-.■■■■■■■/■■ 

| Wnmg to suite*! summary and Sfte'aifoied'to 1 ' literature. ■ /ir- , 
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tion, Among lish, ton, oxygen uptake is iwrokited with .uiiviiv and dlicnmn 
of the respiratory mechanism as well as with the? availability of oxygen. 

Oxygen Consumption in Relation to Seasons. Seasonal variations in oxygen 
uptake are not easy to distinguish from variations produced by such factors as 
teiiijn-rature, -nutrition, activity, ami the like, with which they are Iwumd. 
Rather, the seasonal variations represent the balance of these individual iaetors, 
along with intrinsic influences of the organism itself, such as endocrine control 
of diurnal and reproductive cycles. Changes in the metabolic talc at oestrus 
have Ireen noted in birds. Some evidence is available, however, fm seasonal 
oxygen consumption adjustment to temjierature changes. Whereas jmikiio 
thermic marine animals for tin’ most part resptml to seasonal decreases in 
temperature by a proportional reduction in oxygen consumption, some regula¬ 
tion has been demonstrated in the ntwier, u * l imblm™ 11 ami tire sand erah. 
hitmta tulymk"'" Ihe adaptation tends to uilsef the eileet ol temperotutv 
and to maintain a stable metabolic rate bom season to season. Determination 
of the metalmlisiH of himlulm at IT C, in February gave higher values than 
measurement at the same icmperatuie in July, lire cttmiet, f nium>f,ltthim, 
when investigated lor oxygen consumption in summer ami winter at tempera 
tures ranging from O' to 40" yielded slightly higher values in winter than 
in summer for temperatures below lr, } Ire saml crab shows the best regula 
tion ol all and, according to I dwards, behaves somewhat like homoiotherms, 
making an interna! adjustment in ttulalxdit rate to offset the UaujH'ianires 
vxjteiienml during the winter, Ihe oxygen uptake at ail temperatures Irehm 
20" ( *. was greater in winter than in summer, the rate of winter roetalmlisin 
at 3" being iibuti four times the summer rate at this tem^ raime. It would 
be of interest to know whether this seasonal temjviatnre regulation might lie 
reproduced in part by short term aedimatization i.e,, would one of these 
animals acclimatized to low temperature in the summer show increased 
metabolism? 

Oxygm Consumption in Relation to Temperature. ‘On* lesjwnses of oxygen 
consumption to temperature changes have Ireen recognized for many years, and 
vaiuahk* surveys ol the basic literature are available/"’ ,tm nt A general 
distinction can lie made between flu* piikilothermii .num.ds whose oxygen 
consumption increases with rising temperatures ami the homomthermie ani 
rmds whose oxygen consumption increases as the temperature decreases. The 
difference is mainly due to the preseme in the latter of a teiujit’ianue regu 
luting meehanism by which external temjrentture changes are offset to a 
large extent by mentholie and pliysiologic.il reactions, vasomotor connol playing 
a predorninam role. Ihe frequently used expression,.Qj 0 , is a tonvenienf 
measure of the effect- of changing temperature cm respiratory processes, hut 
the variation in Q,#'values over the biological temperature range makes its 
use ami signiiicanee somewhat limited (see Chapter 10). Much higher Q m 
values than the expected 2 3 are obtained at low temperatures; Kroghs exjHjri* 
ments on pnikiluthermiv vertebrates includes values from CV" 10,0, based 
on measurements over the live degree range from 0 to i t'., to Q„, 2.2 at 
20-27.5 c C.- 5:< 

A more precise expression to describe temperature characteristics is based 
on the Arrhenius formula and is constant over the biological temperature 
range for each given set of conditions (Ch, 10). The equation reflects the 
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underlying metabolic chemical reactions, and, judging from the constancy of 
the values obtained, represents fundamental relationships between different 
biological systems. 31,1 ™ By this formula the temperature characteristic-energy 

of activation or "thermal increment".of the given system may be found. This 

value may vary, hut in a wide variety of respiratory processes is constant at 
11,500 or 16,500 calories. For practical purposes when the log of the reaction 
rate is plotted against reciprocal of absolute temperature the thermal increment 
is given by the slope of the curve. The inference that such thermodynamic 
constancy between metabolic processes depends on so-called "master reactions" 
or that comparable enzyme systems are at work remains to be demonstrated. 

Ifigh basal metabolic rate is a basic condition for homoiothermism and heat 
regulation. I lent production can he measured by direct calorimetry or may 
he calculated from CO» production and ()•> consumption. In man with an 
R.y. of 0.82, heat is produced to the extent of 4.8 cal. per liter of O a con- 
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Pig. 14 . l lit* inwm'latiim between "maximum steady state” of oxygen consumption, 
oxygen tension, and temperature in the goldfish, Giwsstois. Ihe reduction of Oa tension 
is more effective at higher temjxtratures. From Try and Hart, 1 " 

stinted,** The rate of increase in total heat production with body weight varies 
for different species, i 

The ability of animals to withstand temperature extremes and their metab¬ 
olic acclimatization to extreme heat and cold constitute an interesting biological 
story hut one on which there is as yet only scattered information. Some 
organisms live in environments in which the temperature never exceeds 0 
Q,m hying 3 * 5 cites the ease of certain arctic animals, notably the ground 
squirrel, CifeOus, which can withstand environmental temperatures clown to 
minus j() ri C. for six hours, under which conditions the respiratory exchange 
increases, hut the R.Q, decreases, indicating fat utilization. The.arctic fox, 
when expiat'd to this temperature, shows no metabolic increase (Scholander, 
personal communication). 'Ihe gas exchange of poikilothermic animals at 
higher temperatures increases until a point is reached (at about 35 O. body 
temperature) when certain deleterious effects appear, causing the oxygen 
uptake to drop suddenly. Fry and Hart 18 * have recently shown that the 
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“basal” rate of oxygen consumption for the goldfish, Catmint, increases up to 
a temperature of 35" Cl, but during activity the maximum metabolic: level is 
limited to approximately 30" C. The "maximum steady state," the condition of 
normal activity, at various temperatures, is definitely related to given rates- of 
oxygen uptake, the higher the temperature maintained the greater the oxygen 
consumption (Fig, 53). At reduced tensions the oxygen consumption rapidly 
falls off, being affected at a higher oxygen tension for the higher metalrolic 
rate, indicating the inability of the fish to maintain the specific activity at the 
designated temperature. One should not lose sight of the fact, moreover, that 
the solubility of oxygen is much reduced at the higher'temperatures, although 
activity is increased. High tcmjieranire tolerance is directly associated with 
organic; composition, particularly that of the unsaturated fatty acids, and this 
is frequently reflected in the gas exchange and H.Q. The effects of age and 
size on temperature adjustment arc important as seen in recent evidence on 
sand crabs, click beetles, beach fleas, and kilfifish, which clearly indicate that 
smaller animals in a sjnties respond to temperature changes more markedly 
than do larger ones 11111, a,lfl (Fig, 54). 

Metabolic adaptations to -temperature differences have ben noted in rela¬ 
tion to species adjustment in Drosophila (p. 235) and to seasonal acclimatiza¬ 
tion among crustaceans and fish (p, 240). likewise adaptations to tempera^ 
ture variations associated with geographic distribution of Crustacea may be 
demonstrated, as in the comparison of oxygen consumption by prawns from 
Swedish and from English waters. When measured at the temperatures of 
their natural environments (5 and 15" C.) Swedish crayfish consume less 
oxygen than their English relatives. However, if measured at the same 
temperature (30" C.), the metabolic rate of the northern forms may exceed 
by more than twice that of the southern specimens. 11 *' m As locomotion, 
breathing movements, and heart rates of the southern species are only slightly 
increasedover those of the northern species (the animals being to this extent 
somewhat acclimatized to their warmer environment), the higher metabolic 
rate of the English crayfish may be explained as due to their greater "non- 
activity” metabolism (see Chapter 10). 

When measurements were made at the same temperature W' C. -river 
lampreys from a 3" C. environment consumed abut 50 |x:r cent more oxygen 
than those from 16° C. waters/ 111 The same sort of acclimatization has ben 
observed in Drosophila. On the other hand, when both are measured 
at 25° C., Anibfystoma raised at 20" C, have a higher rate of oxygen consump¬ 
tion during early development than those reared at 15" C. 

Benedict*' 1 has generalized the situation by stating that, when the tempera¬ 
ture of the environment is lowered to 10" the metabolic activity of warm¬ 
blooded animals will always exceed that of eold-bWed animals at that 
temperature, and, conversely, when the temperature is elevated to the region 
of 37° C., the metabolic heat production of the poikilotherms will never 
exceed 34 .per cent and will average 12,5 jjer cent of that of the homoiotherms 
at-this temperature, 

Diurnal and seasonal rhythms in the temperature-oxygen consumption 
relationship are important in many organisms-much of which has to do with 
daily routine on the one hand and with seasonal adjustment on the other. An 
apparently endogenous diurnal variation in oxygen consumption, possibly 


■ \ 


reflecting an intrinsic activity or nutritive cycle, has been,claimed for the 
catfish-measured, although not necessarily maintained, under conditions of 
total darkness and constant temperature and water flow. A consistently higher 
oxygen consumption (about 50 per cent) was demonstrated in the afternoon 
and evening, compared with that of the forenoon. 184 Depressions in the oxygen 
consumption correlated with both temperature changes and food shortage have 
been pointed out in various warm-blooded animals. The chicken, for instance, 
has a metabolic maximum in the morning (78° F., air temperature) and a low 



Fig. 54. Oxygen consumption in click beetles, Melanotus, and beach fleas ,, Tahrchestia, 
of different weights, showing the greater response of the smaller individuals to tempera¬ 
ture change. After Edwards. 11 *' 


it evening (61° F.)."° Koskimies* 05 has recently shown that under conditions 
jf partial starvation swifts (Micropus a , apus) become poikilothermic-the body 
emneraturc drops in the early morning hours to within 2-3° C. of the external 
emperature, respiratory breathing rate falls from about 40 to 10 per minute, 
md the oxygen consumption decreases proportionately. The sloth too tends 
:oward poikiiothermy as a respiratory increase accompanies a temperature rise 
tam 33° to 37° C. All things considered, it becomes increasingly evident that 
mammals and birds show marked changes in internal temperature and 
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oxygen consumption, and there is no clear-cut distinction between two great 
groups of animals-poikilothermic and homoiothermic. The initial lack of a 
temperature-regulating mechanism in very young animals, followed hv an 
adjustment period during which the temperature control becomes firmly 
established, is not uncommon in higher vertebrates, The labile respiratory 
and cardiovascular conditions so pronounced in hibernation among mammals 
are discussed as a function of temperature in Chapter 10. 

Temperature changes thus prove to In* intimately interconnected with the 
respiratory pattern of animals, in some instances resulting in adjustment to 
environmental variation and in others, through metabolic regulation, counter¬ 
acting the external change over a significant temperature range. 

The consideration of animal metabolism leads to the conclusion that the 
rate of oxygen consumption as usually determined under conditions approxi¬ 
mating rest may serve as a reference point in defining the respiratory state of 
an individual, but there are many modifying factors, Ixith within and without 
the organism, which affect the character of the gas exchange. It is of signifi¬ 
cance to understand the part each factor plays in the ji-spwise of the organism 
to its oxygen environment, for here lies the basis of imjmrtam physiological 
adaptation. 

INTERRELATIONS BETWEEN OXYGEN TENSION AND 
OXYGEN CONSUMPTION 

General Types of Reactions. Hu: rates of oxygen consumption and of 
breathing movements are variably dependent on the available oxygen, a func¬ 
tion of the gas tension. Many organisms are able to maintain a steady respira¬ 
tory state and are independent of oxygen tension over a considerable range, as 
is man down to an oxygen concentration of about 1.4 per cent (TOO mm.Hg) 
or the earthworm to 3 per cent of atmospheric pressure. These animals are 
capable of respiratory regulation. Many other animals (Nereis,'Hamm, 
etc,) show a direct dependence of oxygen consumption on oxygen tension, 
and each variation in gas pressure is reflected in a metabolic change in 
the organism. T he different responses to decreased oxygen tensions are in 
some cases attributed to different activity adjustments as, for example, in the 
mackerel and the toadfish- the sluggishness of the latter corresjxinding with 
its ability to live in oxygen-deficient water, compared with the more active 
mackerel which can survive only in an oxygen rich medium. In other metab¬ 
olic comparisons the lack of dependence of oxygen consumption on tension 
is due to sheer efficiency of the respiratory mechanism at low tensions. This 
is seen in the chironomid insects, for instance, whose plasma hemoglobin 
permits them to extract oxygen at very low tensions and to survive oxygen 
depletion much better than their hemoglobinless relatives, a condition which 
must afford considerable survival value in oxygen-deficient water. The follow¬ 
ing paragraphs will consider significant physiological adaptations to oxygen 
tension and the various ecological consequences involved. 

Dependence of Oxygen Consumption on Oxygen Tension, T he rate of 
oxygen consumption varies linearly with tension over a wide pressure range 
in those animals which show little capacity to regulate, e.g., Nereis, Homarus, 
Ltmulus, Callinectes. 4 ' 8 The oxygen consumption is thus dependent on 
tension, indicating little respiratory control and the probable importance of 


diffusion in supplying the tissues with oxygen. This proportionality between 
consumption and tension may apply to pressures above normal atmospheric 
oxygen tensions in a number of non-regulatory animals, for example, Umax 
and Linwlus, Such a phenomenon indicates either an increase in oxidative 
processes as a result of the added oxygen partial pressure or a normal unsatura¬ 
tion of oxygen in the tissues at atmospheric pressures. Critical oxygen tensions 
(0, gas pressures above which oxygen consumption is constant despite varia¬ 
tions in the partial pressure, are given by Maloei# 12 as follows, for four 
animals, all of which he regards as suffering a state of oxygen unsaturation at 
normal ambient tensions: 

tc 

Cambams clarkii 186 mm. Hg pOa 

Fundulus heteroditus 190 ” ” " 

Limulus polyphemus 220 " " " 

Triturus pyrrhogaster 760 " " " 

In contrast to this group of individuals which adjust metabolism according 
to environmental oxygen tensions stand those organisms with great ability to 
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Fig. 55. Oxygen consumption plotted against oxygen tension for mayfly nymphs, 
showing dependence in Baetis, independence in Claeon, and intermediate conditions in 
Leptophlebia and Ephemera, From Fox et al. lia 

regulate so as to maintain a constant consumption in the face of changing 
oxygen pressure. Uptake is therefore independent of oxygen tension, at least 
over a very wide range-e.g., the crustaceans Astacus and Carcinus, and the 
molluscs Aplysia and Eledane. In Figure 55 the oxygen consumption of the 
ephemerid, Cloeon dipterum, is shown constant down to about 1.6 cc. 02 /liter 
of water, corresponding to 32 mm, Hg partial pressure of oxygen, 116 Such a 
degree of respiratory independence indicates respiratory control or a state of 
more than adequate oxygen saturation prevailing in the tissues even at low 
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pressures. Unit such is sometimes the ease is known in those hmidoh.it 
containing invertebrates whose blood pigments are saturated at very low 
pressures and which show low oxygen unloading tensions, e.g. Cliinmmm 

'n'" I i,£ ° C TH« nd themi] ' Plmrhis C«i/a ™ 13 »»»■ 

)ig.itOU\0. he, hemocyaninof Busycon blood (Gastropoda) has a t,,„ 

rn 3 ,!?Ti. H ilt ° (:C) ”’ rdudhle tn icss thm 3 mm * »g ai 19.6 mm. Hu 
1 lls If ,nilii surv,val hi oxygen -deficient water in equilibrium with 
air at less than 5 per cent ul an atmosphere. 

I Ik relationship of oxygen consumption to oxygen tension for most tmnv 

T f T ,nari f 1 in , R * uie 55 ’ K ^ nkd *>y • hyjxfrlxilic curve with no 
clear break to indicate the critical tension a plot midway between the extreme 
nmi rcgulamry hie/is (t • 240 mm. Hg) and the highly regulatory Cloem 

>.!. 2 m f' 'w* In hls Whcam review of many such intermediates, 

I ang 1 • relates ec. per gram hour of 0* A, to 0, tension, P, in the equation; 

P 

A -- -... 

K,+K«P 

where K, and K, are constants. Different values of K indicate differences in 
the degree ol regulation. In the event K, is very small, A becomes approxi 
ma ely constant; i.e., the oxygen consumption is independent of tension! 

I lie Jack ol dependence of oxygen consumption on tension may lx? attributed 
m some instances to the respiratory stimulating capacity of oxygen want, acting 
o increase the breathing rate and respiratory activity. Such a control implies 
the presence of respiratory centers and, ergo, a higher state of respiratory 
development than for nun-regulatory animals, A correlation with phylogenetic 
position, however, cannot he demonstrated. 1 * ,M * ,w 
Critical Tensions. The actual presentation of comparative values of critical 
tensions is no mean task, owing to the vicissitudes with which these values 
respond to external conditions, and to the variations in the experimental pm 
cedures under which the determinations are carried out. It has been shown 
very clearly m the flatworm, Pknaria sgifis, for example, that the oxygen 
consumption generally is constant down to a concentration of 3 cc.0 2 /l, but 

down ( V epnVatl ° n ,S sInw) y consumption may continue on 

down to a concentration of 0.5 cc./l, The t f may be approximately 60 mm. Hg, 
or 10, depending on the rate of oxygen decrease. A good deal of caution there- 
LTlT d T 1 ! us ‘ a5 ) tic interpretation based on such data as those 

S i m aWe , 43 ,’ wh , lch lnclucIes critical tensions culled from the liters- 
dim a AkTTr ret ' a l U n d T parda! P ressures from »lubtlity and saturation 

d™.‘ni b T hlS 11 V, C0 T’ f e £hose or « anisms which show complete 
dependence on tension and therefore lack t, values entirely. 

; JritkA 8 K W ^ Value . un .^ 0lJ btedly connotes higher metabolic efficiency, 
eiything else being equal, other factors are of considerable importance in the 

»w ulilia “ ion ' 

and the like. The toadfish is able to extract practically all available oxygen out 

firm' but t T ck ? 1 “■ *" <l !imilar| y 8Ctive 6sh ( «i uire 

a moderately high oxygen level at all times. The Bach can survive indefinitely 
at ordinary temperatures in water'with no mote than 0,3 cc. (VI, but the 
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TABLE 43. CRITICAL OXYGEN TENSIONS 


Animal 

t c (mm. Hg) 

Temp. (*C.) 

Tetrahrnimi ge/ei" 

2.5 


PmwiH'citijij' 

50 

18-20 

Aurelia <u<rita n: 

120 

Eeliiiatohydraoliftaelis™ 

60 


Platuiria iigilis™ 

55 

20 

Tuhifex lubifex"* 

10 (slow pOj decrease) 
25 

20 

Lnmbrim 1 * 

76 

10 


19 

25 

Ureehii" 1 

70 

17 

HirudiF 

32 

25 

(htrea gigas'* 

30 

Helix*" 

75 


!,(%<* 

45 

20 

Arlmciu ran 1 , (unfcuilimlj** 

40 

25 

" (fertilized)** 

50 

25 


20 

18-20 

Pamentwm livid m eggs 

228 


Paleamimete s* 

80 

20 

Potamobius usimi 1 " 

55 

10-11 

Cmbam [m 

40 

C Imm diptermi ,u 

32 

10 

Leplaphlebia mar%inata' u 

53 

10 

B/teliP' 1 

240 

10 

Dixippus mmus* 

159 

Celltphm erythrmphala (blowfly)"*' 

57 

29 

Mdamtplui diffemiklis eggs (grasshopper^' 

80 


Termpsif ttavigtnus (termite)" 

40 

40 

Chironmus ihummi (larval fragments) 1 " 

70 

16-23 

Cbirmimm ptumom ** 

60 

17 

l.imnephilis rhmbicus (caddis fly) ,M 

25 


Tundulm hetemlitm* 

16 

20 

TetraadoH meukus (puffer) 1 * 

100 

20-21 

SfiMOiaimu ehtysvps (scup)* 

30 

20-21 

Cwbla (‘Tueuniirt'T 

32 


Rma m 

45 



more active perch require twice this concentration. Conversely, the frog-and 
this is not indicated in any correlation of critical tensions—has been claimed to 
get along for 24 hours in the absence of oxygen. 2 * 1 

The response of Individual tissues to decreasing oxygen tensions need not 
be the same as that of the entire organism. Isolated frog muscle, for example, 
shows a constant oxygen uptake when the partial pressure of oxygen is reduced 
from 760 mm, to 0.S-2.0 mm. Hg, lw 

Blood Pigments and Oxygen Tension, An important factor in the ability 
of an organism to regulate oxygen consumption and thereby remain physiolog¬ 
ically aloof from the depressive effect of reduced tension is the affinity of the 
blood pigments for oxygen, and particularly the saturation tension (t wt ) and 
tension at half-saturarion (tj/twu), as well as the effects of carbon dioxide, pH, 
and temperature on these blood, oxygen levels. This is discussed at length in 
connection with blood pigments (see Chapter 9). However, some correla¬ 
tions are in order here. 
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Hiestand 16 * demonstrated in dragonfly nymphs and crayfish that the t, 
value is depressed by carbon dioxide, by low pH, and by a combination of both, I 

acting as respiratory stimulants apparently through a control center. On the y 

other hand, in those invertebrates containing hemoglobin, carbon dioxide 
increase may reduce the oxygen uptake, as Ewer 101 * demonstrated in (Month 
mus, and so tend to elevate the critical tension. Elimination of the action of 
hemoglobin in the blood by use of carbon monoxide more effectively accom¬ 
plishes the same thing, Oxygen consumption in the earthworm is normally 
relatively independent of tension down to about 3 per cent (20 mm. Mg,), but 
in the presence of carbon monoxide it is independent down to only 8 per cent 
of an atmosphere (60 mm, Hg). 

Temperature, Tension and Oxygen Consumption, At low temperatures 
the metabolic activity of poikilotherms is reduced and they are able to with¬ 
stand oxygen tensions below those required at higher activity levels (Fig. 53). 



O* TENSION % 


. F f, 56, Relat A ior ! of °mcn tension to oxygen consumption at different temperatures 

Suh a - ,he - *+• 

In hibernating mammals also the oxygen requirements may fall to 5 per cent 
of that of non-hibernating animals. Homoiotherms are faced with another 
problem at low temperatures, however, and any small change in oxygen tension 
can have profound effects, Mice maintained at 30° C. can tolerate oxygen 
depletion to 38 mm. Hg partial pressure, but those kept at 20° C. withstand 
concentration reductions only down to 55-60 mm. Hg when the reduction 
in oxygen occurs at the same rate, 68 However, if care is taken to reduce the 
oxygen concentration slowly enough, those maintained at 20° C. can also 
tolerate oxygen at 38 mm. Hg pressure. Although the oxygen consumption 
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at high tensions is highest for animals maintained at 4° C, and lowest for, those 
kept tit 30" C., the rate of oxygen consumption is the same for all when 
measured at 35-40 nun. Hg oxygen tension (Fig. 56), The oxygen tension 
necessary to maintain a constant body temperature of 37° in mice at 30° 
(J. air temperature is 64 mm. I lg; at 20" it is 97 mm, Hg, and at 4 CI it is 155 
nun. Hg. At lower tensions the body temperature declines. 



f Fig- 57. Curves showing the least tolerable oxygen concentration as a function of pH 

; for fish: (I) goldfish, (2) yellow perch, (3) and (4) bluntnose minnow, (5) steel- 

s colored minnow, (6) blucgili. Temperatures 18-25* C. From Wick et al.** 1 

i ; Effect of pH on Minimum Tension. The minimum oxygen concentration 

h which can be tolerated may vary with the pH, but whether this is an effect 

of its respiratory stimulating powers or of the ability of the organism to extract 
■i oxygen within a limited pi I range is uncertain. Probably the respiratory stimu- 
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lation set up by the acidosis, on the one hand, and the Bohr effect, on the 
other, has a good deal to do with the phenomenon. In a series of freshwater 
iish investigated for their least tolerable oxygen tension as a function of pH, 
the majority reached the minimum oxygen level at or near the neutrality 
point. 884 Most of those studied (largemouthed and smallmouthed black bass, 
white crappie, yellow perch, rainbow trout, sunfish, and goldfish) were able 
to extract oxygen at low tensions over a wide pi I range-pi I 5 to 9 in several 
cases-whereas the blucgiil minnow was limited to pH 7*9, and the steel- 
colored. and blunt-nosed minnows to pH 7-8 (Big. 57). 

Relation of Least Tolerable Tension to Size and Age. Size and age may 
alter the capacity of organisms to utilize oxygen at low tensions and thereby 
affect the critical tension values, Some discrepancies may appear in Table 45 
as a result of such factors. The oxygen consumption rate of large Planum is 
limited below 14-15 volumes per cent (a. 110 mm. Mg), well above the t„ 
values presented in the table. nM In the crayfish, Cambttrm, higher t ( . values 
were found for larger individuals. 188 Animals weighing 43,9.0, and 17.1 gm. 
showed critical tensions at 32, 48, and 65 mm. Hg, respectively. The larger 
(older) the animal, the less the range of respiratory regulation. 

Critical Tension and Tissue Oxygen Saturation. The correlation between 
respiratory regulation and the presence of an oxygen-carrying mechanism, such 
as the readily saturated hemoglobin transport system in Chirmmnus, is a rela¬ 
tionship which applies directly to interpretations of oxygen consumption- 
oxygen tension independence. Cloeon (Kg. 55) might be regarded as having 
a fully saturated oxygen system above 12 mm. Hg tension, this concept has 
been considered extensively by Maloeuf, 84 * who expresses critical tensions as 
a function of the atmospheric pressure necessary for half saturation of the 
tissues. Although some skepticism may he in order concerning the advantages 
gained by Maloeuf’s unorthodox and cumbersome method of handling data, 
largely recalculated from the work of other investigators, something is to be 
said for his emphasis on the startling dependence of oxygen consumption'on 
tension—-Mytflws, for instance, shows no critical tension at 640 mm. Hg four 
times atmospheric pressure of oxygen. The possibility that oxygen saturation 
of the tissues is of great importance in the problem of respiratory regulation 
is worthy of consideration. Considerable evidence supports the view that 
single-celled organisms as well as tracheates without gas transporting systems 
may he relatively independent of oxygen tension over a wide oxygen pressure 
range. Further, animals with transporting systems are on the average about 
ten times more independent of tension than are those without oxygen trans¬ 
porting mechanisms. Although tissue saturation even at low tensions may be 
important in the responses of one-celled and tracheate organisms, the absolute 
rate of metabolism and the adequacy of diffusion at low tension are also im¬ 
portant factors. The relative independence of those animals with and without 
circulating systems probably depends primarily on the presence or absence of 
blood pigments, rather than of circulation itself. 

Oxygen Withdrawal. The ability of animals to withdraw oxygen from 
their aerial or aquatic media at low pressures governs in part their critical 
tensions, minimum tolerable oxygen, and indeed their distribution through 
the ecological adjustment to available oxygen. It is not without some interest 
to survey the problem of efficiency of oxygen uptake ("utilization" in the sense 
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of "Auznutzung" of Winterstein 878 ) under normal oxygen tensions, in lieu 
of any wealth ot information on measurements at minimum partial pressures 
(Table 44), Although much variation prevails, certain trends among groups 
are apparent. Withdrawal is low in the sponges, pelecypotis, and ascidians, and 
highest among the molluscs and fish. Oxygen extraction here seems to indicate 
an improved type of respiratory mechanism. Some hesitancy shrink! be shown 
in accepting these figures as an over all measure of respiratory efficiency, 
however, as the oxygen "utilization" by definition is based solely on the per¬ 
centage removal of oxygen from the water passing across the respiratory 
surfaces and reveals nothing concerning the important factors of quantity 
and rate of water pumped. For comparative purposes the withdrawal of several 

TAHIR H, OXYGEN WITHDRAWAL HY SOME AQUATIC ANIMALS 


(Percent ()«removed from incoming water) 


Animal 

Oxygen 

Withdrawal 

Temp. "C. 

Conditions 

imwim 




Syctm raplmm™ 

39 

20 


Leuandra mpera™ 

11 

16-20 


Ltuconm wink 1 * 1 ’ 

7 

17-18 


Chondmk mifornh™ 

21 

21 


Suberites dmumula™ 

15 

20 


Heniera rum™ 

6 

17-20 


llircmk sp, m 

20 

20-21 


Aplysim aerophoba™ 

57 

20-21 


ANNELIDA 




Nereis virens** 

70 



Arewieok* 

30-50 



Eunice gipHtsu™ 

50 

17 


Aphrodite aculeatu™ 

66 

21-22 


Htmione hystrix™ 

55 

17 


Chaetapterus sp. m 

39 

17-20 


BbyweficWwj «mvoI«ttts w * 

44 

18 


Benefit) viridis™ 

30 

20-22 


CRUSTACEA 




Astms ftuvhiitii m 

i 59 

13-14 

Low Os tension 


70 

14-18 

High O, tension 

Palinum vulgaris’ 8 * 

43 

20-22 


Scyiktw ktus m 

43 

22 


Drtmm vtt!g«ris w 

43 

20 


Cahfptt gmukta m 

76 

16-20 

In sand 

Main verracoM'** 

45 

20 


Anilocra meditemnea™ 

45 

20 


PELECYPODA 




Cardium tuberculatum™ 

8 

16-17 


Sdm siliqm™ 

9 

18 

In sand 

Pinna nobilis™ 

5 

20 


Mya mmrttf* 

310 




25 


. After low tide 

GASTROPODA 




HaRoiis tubmculm™ 

56 

17-22 


Mum hremditm™ 

38 

20 

In the shell 
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TABLE 44 (continued). 

OXYGEN WITHDRAWAL BY SOME AQUATIC ANIMALS 
(Per cent On removed from incoming water) 


Animal 

Oxygen 

Withdrawal 

Temp. °C. 

Conditions 

Tntonium nodiferum “ 

79 

20 

In the shell 

Doris tuberculata 102 

67 

22 


CEPHALOPODA 




Octopus vulgaris 112 

63 

17-20 


ft ft .177 

70-80 


Low Oa tension 

ECHINODERMATA 




Astropecten aurantiacUs w 

49 

21 

In sand 

Echinocardiutn sp, m 

54 

20 

In sand 

Holothnria tubuiosa w 

55 

16-17 


ASCIDIACEA 




Ciona intestinalis 102 

7 

17 


Phallusia mamillata w 

6 

17-20 


Ascidia mentula m 

4 

17-20 


PISCES 




Scyllium canicula 102 

46 

18 


Scorpaena porous 102 

53 

18 


Trigla corax 102 

59 

18 

j 

Uranoscopus scaber m 

82 

17 

In sand 

Hippocampus brevirostris m 

55 

18 


Siphonostoma ro'ndeletti m 

65 

20 


Anguilla sp" 

80 



Salma spA 

80 



Leuciscus sp. m 

68 


Forced HjO supply 

Spheroides sp. m 

46 

20 



air-breathers may be noted: sloth, 2 per cent; man, 4.5 per cent; porpoise, 10 
percent. 187 - 188 

The extraction of oxygen during changes in tension may be variable; in the 
puffer fish it remains the same over a five-fold decrease in tension, indicating 
that the gills are equally efficient over the entire range, although they are not 
able to make up for the lost pressure (Table 45). Furthermore, in this fish 
withdrawal is not changed through a temperature range of 12 to 22° C. 140 
One might expect a really efficient respiratory mechanism to increase utiliza¬ 
tion at lower tensions, thereby contributing to a constant oxygen consumption 
and respiratory regulation. Crayfish 228 react even less favorably to decreased 
oxygen concentration, the extraction falling from 70 per cent at a tension of 
160 mm. Hg to 59 per cent at 50 mm, Hg. Octopus, on the other hand, as seen 
in the table, has a higher oxygen withdrawal at the lower tensions. 

Adaptations to Low Oxygen Supply. Throughout this chapter we have 
noted significant structural and physiological adaptations which have arisen 
to provide oxygen for the organism, particularly under conditions of stress. 
Scores of comparable adjustments might be enumerated, ranging from the 
plastron mechanism of air storage in diving beetles (p. 223) to the hypertro¬ 
phied gills in Salamandra larvae raised in oxygen-deficient water (p. 216). 

A series of adaptations to oxygen lack may be considered "migratory” in 
nature, i.e,, taxic responses. The annelid worm, Tubifex, forsakes its oozy 
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abode, in the absence of oxygen, and comes to the surface for air (“aeropercep- 
tiver Sinn"). 8 Lnmbricus also is claimed to react tropistically to oxygen defi¬ 
ciency. 221 Likewise the need for oxygen converts the usually sessile protozoan, 
Vorticelk, into a- temporary free-swimmer, which takes up its stationary post 
again in water with adequate oxygen. 254 Some teleost fish characteristically 
"surface” in oxygen-deficient water to gulp air, as for example the catfish and 
Leuciscus. 10 ' m Similar behavior patterns may be concerned in vertical migra¬ 
tions of earthworms and other burrowing forms. The sipunculid worm, Phas- 
colosoma lurco, from the region of the Malay Archipelago, has migrated from 
its marine beginnings to take up residence in the intertidal zone among the 
mangrove roots-driven shoreward by the need for oxygen, presumably, but' 
tethered to the sea by osmotic and structural limitations. 


TABLE 45. OXYGEN WITHDRAWAL BY THE PUFFER FISH FROM 
SEA WATER OF VARYING OXYGEN TENSIONS 140 
(Temp. 20° C.) 



Two species of Paramecium, the chlorophyll-containing P. bursaria and the 
colorless P. caudatum, react differently to oxygen stress in the presence of light 
and darkness. 181 Although both avoid regions of oxygen deficiency in the light 
and seem unaffected by dark when oxygen is plentiful, their behavior is 
decidedly different when they move from a region of light to one of darkness 
during exposure to low oxygen tensions. The green infusorian, being able to 
produce small amounts of oxygen in the light region, is immediately affected 
by the darkness, which interrupts the photosynthetic production of oxygen; 
it therefore turns away from the dark region. P. caudatum, on the other hand, 
being unable to produce oxygen, does not respond to the change from light 
to dark under comparable anaerobic conditions. 

Certain insects resort to a biological supply and obtain oxygen from the 
underwater stems of aquatic plants. The syrphid fly larvae, Chrysogaster, 
which lives in oxygen-deficient waters, pierces the roots of aquatic grasses 
and obtains vital oxygen. 860 

Along with these structural and behavioristic adaptations, many types of 
physiological accommodation have developed to facilitate oxygen uptake at 
low tensions. Certainly the relative increase in rate of oxygen consumption 
itself, by way of oxyregulation, as well as hyperventilation, reduction of un¬ 
loading tension by carbon dioxide (see Chapter 9), and oxygen secretion, 
may be considered significant adaptations which become increasingly im¬ 
portant at low oxygen pressures. Moreover, in the near or complete absence of 
oxygen, most animals have found a way of getting along anaerobically, either 
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by way of a permanent adjustment to complete anoxia or through the tem¬ 
porary expediency of accumulating lactic acid and an oxygen debt during 
periods of oxygen deficiency-a problem further elaborated below. 

In conclusion, the response of oxygen consumption rate to changes in oxygen 
tension depends on and is characteristic of the individual. Internal factors 
such as blood pigment, tissue saturation, and basal metabolic rate affect this 
relationship. Environmental effects are important, including temperature, pH, 
and rate of change of the oxygen tension. Two general reaction patterns are 
found: (1) that in which the oxygen consumption is highly dependent on 
tension, the non-regulatory type, and (2) that in which consumption is 
independent of oxygen pressure over a wide range, the regulatory type. Further 
work is needed to clarify the interrelation of the factors operating in this regu¬ 
lation. It would be of interest to determine, for example, the effects of respira¬ 
tory inhibitors-carbon monoxide, cyanide, and azide-on the ability to regulate 
at extremes of the consumption-tension curve. More information is needed, to 
add to that obtained on fish, pertaining to the effect of pH on t... Finally, a 
fruitful line of investigation would appear to be that of determining the degree 
of oxygen saturation of those tissues which manifest wide regulatory pro¬ 
ficiency. 

Efficiency of organisms in an adaptive sense requires a compromise between 
great activity under optimal conditions and wide tolerance under extreme 
conditions. Consider the active brook trout and the enduring lungfish-each is 
efficient in his own way. 


REGULATION OF BREATHING 

Breathing Movements in Higher Vertebrates. The respiratory movements 
concerned in the breathing of organisms often involve large-scale ventilation, 
as the pumping of insects or the undulating gyrations of Tuhifex during times 
of low oxygen stress. On the other hand, respiratory movements may consist 
of small motions, such as the action of spiracular cells to occlude the tracheal 
tubes in response, for example, to local accumulation of lactic acid. Ventilation 
movements and respiratory control in the higher vertebrates have been ex¬ 
tensively considered in the classic physiological literature and in a number of 
recent reviews. 126 - 131 > m < 160 > 16fi . 202 , 268 , 288 .284, m, su, 382 The early com¬ 
parative literature was ably summarized by Babak in Winterstein s Handbuch 
der vergleichende Physiologie. 8 

The control of respiration represents a balance between neurologic and 
chemoreceptive mechanisms acting both directly and reflexly on the respiratory 
center and in turn on the. breathing mechanism itself. Normal inspiration in 
mammals is an active process stimulated by impulses sent out continuously 
over vagal and phrenic pathways from the inspiratory subdivision of the 
medullary respiratory center. 288 The ensuing inspiration results in barrages 
of sensory impulses, originating in the stretch receptors of the lungs them¬ 
selves, 107 and being returned to the respiratory center to inhibit further inspira¬ 
tion in accordance with the well established Hering-Breuer reflex. Exhalation 
is largely a passive process in normal eupneic breathing and does not generally 
call forth expiration-inhibiting or inspiration-stimulating impulses, as originally 
put forth as part of the Hering-Breuer mechanism. 281 However, further nerv¬ 
ous reflex control of breathing is indicated in hyperpnea in both the inspiratory 
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and the expiratory phase, inasmuch as extreme inspiration results in greater 
excitation of the inspiratory center to provide, a short additional respiratory 
spurt, and extreme expiration causes stimulation of "deflation” receptors by 
which the succeeding inspiration is augmented more forcibly than it would be 
otherwise. The cells of the respiratory center show considerable variation in 
threshold, thereby permitting a graded response to increased stimulation. Only 
a few fibers are active in eupnea, but with the proper respiratory stimulation 
less excitable neurones react, and the impulse frequency of all the fibers in¬ 
creases. In general the threshold of the expiratory neurones is higher than that 
of the inspiratory neurones. The medullary respiratory center initiates and 
coordinates respiration by sending out a constant flow of impulses which are 
rhythmically interrupted by the Hering-Breuer reflex mechanism and, in 
extreme hyperventilation, by the pontine pneumotaxic center as well. 

Wartime studies on pressure breathing, accomplished by means of facial 
masks to increase the ambient pressure, demonstrate that inspiration becomes 
passive and expiration is necessarily active, under these conditions, with a 
respiratory pause following inspiration . 18 

The respiratory center is affected directly by a number of agents, including 
carbon dioxide increase in arterial blood (the most important), increased 
acidity of the blood, oxygen lack, rate of blood flow, and temperature. Response 
of the center to increases in arterial carbon dioxide is the most delicate mech¬ 
anism controlling breathing. A decrease in sensitivity of the center to carbon 
dioxide is frequently a concomitant of abnormal conditions and may result in 
Cheyne-Stokes breathing or, under severe anesthesia (morphine), in complete 
cessation of ventilation . 100 In man and dogs increased tolerance may be estab¬ 
lished to carbon dioxide atmospheres of 3 per cent and greater . 111 On the other 
hand, an increase in carbon dioxide sensitivity is indicated in cases of acido¬ 
sis . 295 

The action of carbon dioxide on the respiratory, center is known to be a 
direct one, but the mechanism is not clear. The older hypothesis of Winter¬ 
stein 374 and Haldane 185 regarded the main action of carbon dioxide to be its 
acid-producing capacity, the stimulus taking effect through the hydrogen 
ions resulting from the dissociation of carbonic acid. Carbon dioxide per se 
has been considered more effective than other hydrogen ion-producing sub¬ 
stances and has come to be regarded as having a specific effect on the respira¬ 
tory center . 261 ' 816 However, Gray 182 finds that alveolar ventilation seems to 
depend on the sum of the stimulating effects of blood CO 2 and of hydrogen 
ion. Gesell 1215 ' 126 suggests that carbon dioxide penetrates the cells of the 
respiratory center, where it gives rise to excitatory hydrogen ions, Considerable 
evidence favors the action of carbon dioxide itself as a specific, stimulant of 
the center, but the action of hydrogen ions acting under some conditions can¬ 
not be disregarded. 

The activity of the respiratory center is modified, particularly in times of 
respiratory stress, by reflexes originating in the chemoreceptors of the aortic 
and carotid bodies. These end-organs are particularly responsive to decreases 
in oxygen tension of the blood, and less responsive to increased acidity and 
carbon dioxide tension. The important role of chemoreception was beautifully 
demonstrated by the notable work of Heymans and his colleagues . 161 Largely 
through the work of the Belgian group, it is recognized that chemoreception 
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plays a part in maintaining the mild muscular tone during eupneic breathing, 
but the mechanism is largely one of emergency control during severe anoxia or 
deep anesthesia in which the respiratory center becomes insensitive to increased 
carbon dioxide tensions. Although chemoreceptive reactions are not to be 
minimized, we would agree with Schmidt 815 that “the reflexes probably do 
not play an important part in respiratory control under conditions of quiet 
breathing at sea level but they become much more important under abnormal 
or emergency conditions in which the blood p02 or pH falls or the blood pCOa 
rises sufficiently to affect these relatively insensitive but remarkably rugged 
structures.” The oxygen factor as a stimulant may be regarded as negligible 
at high oxygen tensions and the carbon dioxide negligible at low oxygen 
pressures. 208 Carbon dioxide increase and oxygen lack summate in their stimu- 



12 3 4 5 

cc. Og/litir 


Fig. 58. Influence of 0# and COa tensions on type of respiration of the yarrow, a 
tropical fish. Points designated by circles indicate aquatic respiration, crosses show air- 
breathing conditions, and solid dots the intermediate stage of transition when either or 
both may occur. From Willmer. wl 

lating effects as determined by their combined effect on the “breaking point” 
in breath holding. 208 Respiratory adaptability to unusual conditions was shown 
by Schneider, 817 who demonstrated that human breath-holding time could be 
extended to 14-15 minutes after forced breathing and oxygen ventilation. 

In summary, carbon dioxide in the blood is the normal and delicately con¬ 
trolling factor in higher animals and acts primarily on the respiratory center 
itself; whereas oxygen lack is more of an emergency condition, although acting 
mainly through the chemoreceptive mechanism of the carotid body after the 
carbon dioxide stimulation has been decreased. The carbon dioxide mechan¬ 
ism is the more refined and phylogenetically is perhaps the more recently 
developed. 
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This general account of respiratory control in mammals pertains to both 
eupneic and abnormal breathing. Certain mammals, however, show profound 
adaptive differences in their respiratory patterns. These are the relatively 
poikilothermic “hibernants” (bat, hamster, bear, marmot, etc), whose respira¬ 
tory eccentricities are discussed in Chapter 10, and certain lower mammals, for 
example the armadillo (Edentata), capable of long periods of apnea despite 
oxygen-deficiency and high blood carbon dioxide, 824 Diving birds and mam¬ 
mals also have developed interesting adaptive mechanisms to permit apnea for 
extended periods while submerged (see below). 

A good deal of work has accumulated to indicate well developed respiratory 
control among fish. 178> 225 > 871 The skate (Selachii) has a well defined and 
relatively autonomous respiratory center in the medulla. This center, which 
may be surgically isolated anteriorly and posteriorly without impairing its 
function, may be regarded as a mechanism functionally intermediate between 
the segmentally arranged ganglia of the invertebrates and the compact and 
complex specialized respiratory centers of the higher vertebrates. 178 

Certain tropical fish have been extensively studied in their responses to 
respiratory stimulants, 871 The electric eel, Electrophorus, a creek-dweller 
capable of breathing air, is stimulated by oxygen deficiency, carbon dioxide 
increase, and low pH. The yarrow, Erythrinus, a swamp-dweller in water of 
about pH 4, can live in either water or air with its gill chamber closed off by 
the operculum. Its respiratory control responds to oxygen lack, carbon dioxide 
increase, and blood pH decrease down to 6. It relies on gills and aquatic 
respiration in water containing 1.3-5 cc, Qs/1. and 8-30 cc. COa/l. At lower 
oxygen tensions and at very low or very high carbon dioxide tensions, the 
yarrow tends to become an air breather, taking air into the gas bladder (Fig. 

583- 

In fish and amphibians the importance of respiratory center sensitivity to 
carbon dioxide and its effect on respiratory movements is difficult to evaluate 
because the C0 2 tension does not ordinarily build up to any great degree, 
owing to rapid diffusion of the gas through the integument and its solubility 
in water. Further, considerable oxygen may be cutaneously derived, regardless 
of breathing movements. In aquatic forms oxygen deficiency appears to be the 
more profound respiratory stimulant; carbon dioxide is of less significance. 
This situation is reversed in air breathers. 

In the frog, which is responsive to changes in both oxygen and carbon 
dioxide, the “glandula carotica” may be considered analogous to the carotid 
bodies of mammals. Carbon dioxide stimulates respiration when those glands 
are either intact or obliterated (surgically or by painting with phenol). Oxygen 
lack is effective, however, only when the glands, are intact. 882 

Reptilian respiration is influenced by the tension of the blood gases as well 
as by temperature effects on the respiratory center cells themselves. ° 2 ’ 285 The 
tortoise has both an inspiratory ("gasping”) and an expiratory center, In the 
diamond-back terrapin, Melackmys, a high C0 2 tolerance correlates with 
diving capacity. 248 The reptilian respiratory mechanism may be associated 
with swallowing and olfaction; in turtles and snakes the development of the 
motor center of respiratory control parallels physiologically the esophageal 
peristaltic center involved in swallowing reflexes. 58 The throat movements of 
turtles, previously regarded as serving a respiratory pumping function, may be 
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regarded as “sniffing” reflexes, and are in reality related to food stimulation and 
olfaction. 249 The breathing cycle in the tortoise includes a pronounced com¬ 
pression phase, frequently followed by an apneic interval. Of further interest 
is the variability in intratracheal pressure developed from respiratory move¬ 
ments with the glottis closed except during actual inspiration and expiration. 

Oxygen deficiency serves as a respiratory stimulant in birds, but species 
differences are found in the response to carbon dioxide. 183 Carbon dioxide 
stimulates in the mallard duck, English sparrow, and starling, for instance, but 
causes apnea in muscovy and pekin ducks. Evidence exists for CO 2 inhibitory 
reflexes originating in chemoreceptors in the nasopharynx. 

A review of breathing in vertebrates indicates that central respiratory centers 
are present among fishes, amphibians, reptiles, birds, and mammals, The 
development of this control has made possible responses to small changes 


TABLE 46. DURATION OF DIVES OF DIVING MAMMALS (AFTER IRVING 18 *) 


Animal 

Time 

Authority 

Platypus (Ornithorhynchus anatims) 

10 minutes 

Allport, 1878 
Burrell, 1927 

Sea elephant (Miromga angustirostris) 

6 minutes, 48 seconds 

Harnisch, 1937 

Harbor seal (Phoca vitulina) 

15 " ,(3-6 min. in zoo) 

Millais, 1906 

Gray seal (Halickoerus grypus) 

15 " , in net 

w n 

Muskrat (Ondatra zibethica) 

12 " 

Irving, 1939 

Beaver (Castor canadensis) 

15 " 

Irving and Orr, 1935 

Hippopotamus (Hippopotamus 

50 seconds 

Parker, 1932 

4 

£ 



Florida Manatee (Trichechus latirostris) 

16 minutes, 20 seconds 

Parker, 1922 

Sperm whale (P hyseter macrocephalus) 

1-lh hours 

Millais, 1906 
Scammon, 1874 
Beddard, 1900 

Bottled-nosed whale (Hyperoodon 

2 hours, (1 hr. 

Gray, 1822 

rostratus) 

wounded) 

Millais, 1906 

Bowhead whale (Balaena mysticetus) 

1 hour, 20 minutes 

Scammon, 1874 

Greeland whale (Balaena sp.) 

1 hour 

Beddard, 1900 

Common rdrqual (Balaena musculus) 

49 minutes 

Millais, 1906 

Blue whale (Balaena sibbaldi) 

50. " 

Andrews, 1916 

Finback whale (Balaenoptera physalus) 

l h hour 

Allen, 1916 

Fin whale (Balaenoptera plupalus) 

20 minutes 

Ommanney, 1932 

New Zealand humpbacked whale 

not over Vi hour 

Lillie, 1910 

, (Megaptera nodosa) 


Man (Homo sapiens) 

2 Vi minutes 

Irving, 1939 


in blood C0 2 , Chemoreceptors, analogous to carotid bodies, have been demon¬ 
strated in Amphibia and in more advanced groups, and permit coordinated 
responses to oxygen lack. Further work is needed to clarify the relative im¬ 
portance of these two types of operating mechanisms, particularly among lower 
vertebrates, as well as the role of hydrogen ions, other than those originating 
from carbonic acid, as a respiratory stimulant. 

Respiratory Control in Diving Birds and Mammals. In diving birds and 
mammals a number of adaptations in respiration, metabolism, blood, and 
circulation combine to permit survival under water for long periods (Table 
46). The major respiratory changes which make such diving possible are not 
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the unusual storage of oxygen or increase in lung volume, but rather the more 
efficient utilization and availability of oxygen for the essential operating 
processes, the development of anaerobic glycolysis, the high tolerance to lactic 
acid, and the relative insensitivity to carbon dioxide of the animals while 
submerged. The rate of oxygen consumption of diving mammals does not 
differ greatly from that of land mammals, ranging from 546 cc. 0 2 /kg,/hr. in 
the seal, down to 180 cc. in the manatee, comparable to a value of about 250 
cc. for man. The various factors which play a part in the oxygen stores are 
indicated as follows: 

(1) Lungs-the lung volume is only slightly larger in the diving mammals 
than in land animals, although the tidal air is considerably greater in most, as 
high as 80 per cent of the lung volume in the porpoise. 187 

(2) Blood-in the seal the oxygen capacity of the hemoglobin is 1.78 cc. 
0 2 /gm. Hb, compared with 1,23 for man, 189 and the blood volume of the seal 
is about 10 per cent of the body weight. 184 The total oxygen capacity of the 
blood is slightly higher than that in man in some divers (29.3 vols. per cent 
in the seal), but not in all (17.7 vols. per cent in the beaver). 

(3) Muscle hemoglobin-divers other than the manatee have a rich store 
of muscle hemoglobin. Seal muscle yields 7715 mg. Hb/100 gm., compared. 
with 1084 mg. from beef. 801 

(4) Tissue fluids—they appear the same as in non-divers. 

Scholander 820 summarizes the utilizable oxygen stores of a bladdernose seal 

weighing 29 kg. as follows, taking the highest estimates: 

Air in the lungs: 350 cc., 15% 0 2 50 cc. 

Blood: 4500 cc, 25% 0 2 1100 cc. 

Muscle: 6000 gm., 4.5% 0 2 270 cc. 

Tissue fluid 100 cc. 


Total oxygen store 1520 cc. 

The major part of the store, that of the blood, is used up at practically a 
constant rate and can last 25 minutes, whereas the muscle oxygen forms an 
isolated store which is used up during the first 5-10 minutes of the dive. 323 . 
During a 25 minute period at rest this animal consumes about 6250 cc. of 
oxygen, which is four or five times as much as the oxygen stores could possibly 
supply for the dive. One may conclude therefore that the oxygen consumption 
by the tissues during a dive is depressed to 20-25 per cent of the resting rate. 
These findings are in accord with similar observations on penguins and whales, 
manatees, and the three-toed sloth, Bradypus , m ' 880 ’ 322 

Ruling out oxygen stores as a critical factor in the diving mechanism, other 
adaptations have been demonstrated to permit submergence for long periods. 128 

(1) Anaerobic glycolysis—although lactic acid does not accumulate in the 
blood to any great extent during the dive, large quantities literally flood the 
blood stream immediately after surfacing 188 (Fig, 59). Apparently after the 
oxygen in the muscle is used up in the first few minutes of a dive, anaerobic 
processes take over entirely and an oxygen debt builds up, counteracted during 
the dive only to the extent that some small quantities of oxygen may be brought 
in by the blood, itself pretty well blocked off from the muscle during sub- 
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mergence. The initial aerobic metabolism of the muscle during a dive is below 
the normal resting rate, and the anaerobic rate in the later stages is greater 
than at rest. 823 A general lowering of the metabolic activity and the formation 
of lactic acid probably are not limited to the muscles but occur elsewhere in the 
diver as well. 

(2) Carbon dioxide insensitivity—this is characteristic of diving mammals 
and reflects an adaptation to unusual conditions where lactic acid accumulates 
in tissue and would otherwise stimulate the respiratory center to considerable 
activity. Carbon dioxide insensitivity, due to both decreased circulation of 
the blood and higher threshold of the respiratory center, has been demon¬ 
strated in the beaver, seal, muskrat, and porpoise. ,,7< m 184 ' 187 The entire 
resting respiratory mechanism is adjusted to a high carbon dioxide tolerance 
and relative apnea, with an extremely low breathing rate in these animals, 2-4 
inspirations a minute in the porpoise and 2-3 in the seal. Furthermore, utiliza¬ 
tion of the inspired oxygen is high; in Tursiops, the porpoise, for instance, an 


3 min. 



Fig. 59. Arterial blood changes in the seal, Cystophora, during experimental 
diving conditions, After Scholander. ;lS,, 

animal weighing 170 kg. was found to operate with a resting breathing 
frequency of once a minute, to inspire 10 liters with each breath, and to 
consume about 1 liter of oxygen a minute~a “utilization” of approximately 10 
per cent, two or three times that of man. 

(3) Cardiovascular changes-significant alterations in the heart and periph¬ 
eral vessels tend to reduce the blood flow in most body regions with the excep¬ 
tion of the brain. This bradycardia (heart slowing), first described by Paul 
Bert in diving ducks, has been demonstrated in practically all diving mammals, 
including man. In the seal the heart slows from a resting value of about 80 per 
minute to K) during a dive. This reduction in heart rate is a vagal reflex. 
Another important reflex is the vasomotor change which effectively shuts the 
circulation off from the main muscle masses of the body, as manifested by (a) 
complete reduction of the muscle hemoglobin at a time when the blood is 
still half saturated with oxygen, and (b) accumulation of large amounts of 
lactic acid in the muscles and its absence in the blood during the dive. 
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The ability of diving mammals to remain submerged is, then, based on 
several interacting factors, with anaerobic glycolysis and tolerance to high 
levels of lactic acid and carbon dioxide playing critical roles. 

Effect of Temperature on Breathing. In strictly homoiothermic forms there 
is little change in breathing rate at rest over a fairly wide range of external 
temperature. However, at both the high and low limits of normal temperature 
control respiratory movements may increase severely. The respiratory center of 
birds and mammals itself is sensitive to changes in blood temperature, and 
both the depth and rate of respiration increase with high body temperatures. 
In the wren, Troglodytes, with a normal body temperature range of 100° to 
107° F., the breathing rate increases from an average normal of 100 per minute 
at 105° F. to 340 per minute at 116° F. u Likewise a severe reduction in body 
temperature, in this small bird may produce a ventilation rate of 240 per 
minute. The respiratory center of the bat is likewise sensitive to thermal stimu¬ 
lation. 305 

Among invertebrates and cold-blooded vertebrates the temperature effects 
on breathing largely parallel those on oxygen consumption-there is an increase 
in activity at high temperatures (Fig. 60). 10, 140,190 



Fig. 60, Effect of temperature on respiration of the puffer fish, Spheroides. R, respira¬ 
tion per minute. M, cc. Os/kg./hr. W, dl, HaO/hr. pumped through branchial cavity. 
O, percentage of Oa utilized. From Hall, ,w 

Respiratory Movements During Flight. Wing beat and breathing move¬ 
ments may be synchronized during flight, as in insects, birds, and bats, 218 ' 248, 
305, ass k ul: respiratory movements may stop altogether during flight (Fig. 
61), 117 The finch, Fringilla, has a respiratory rhythm of 4-5 per second both 
at rest and in flight, and superimposed on this a flight rhythm of 15-20 per 
second. 118 The actual respiratory advantage of synchronized movement is not 
clear, but in those instances in which flight movements greatly augment respira¬ 
tory rhythms a distinct benefit may be derived. 
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Regulation of Breathing in Tubifex. The responses of this small bottom* 
dwelling, fresh-water oligochaete worm constitute an interesting respiratory 
pattern. 3 - 88 These worms have become adapted to an oxygen microstratum 
just above the layer of mud in which they ordinarily reside, Depletion of the 
oxygen by bacterial oxidation in the ooze below causes the worms to extend 
themselves 10 or 12 times their former length to reach a satisfactory oxygen 
zone. The extension is accompanied by rhythmic corkscrew movements which 
agitate the water and probably draw down water containing more oxygen. The 
respiratory movements are stimulated by oxygen lack and in intensity are 
inversely proportional to the oxygen supply below surface. Carbon dioxide 



„ 61, Breathing movements of the wasp, Vespa orientalist and the orthopteran, 

bcmtocercd gregaria, during flight, Arrows indicate the beginning (f) and end CD of 
flight movements. From Fraenkel, 1,7 

increase does not stimulate the movements but may in fact suspend the rhythm 
initiated by oxygen lack. 

Ventilation Mechanisms in Polychaete Worms. An extensive study of the 
respiratory mechanisms among polychaetes has been made by Lindroth. 220 
Methods of ventilation for thirty families of these worms were correlated with 
the phylogenetic and ecological position of the organisms. Ciliary mechanisms 
are generally found throughout the group, concentrated most frequently on 
the head and parapodia. Primitive errant types show undulatory movements; 
more advanced sedentary groups have compression-type waves. The respiratory 
currents stream backward in the lower forms and forward in the advanced 
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groups. For further information concerning the ecological groupings and the 
“microstratification" according to the availability of oxygen, Lindroth's paper- 21 ’ 
should be consulted. 

Respiratory Control in Molluscs. Various kinds of breathing patterns are 
found in the phylum Mollusca by way of diverse adaptations to oxygen pro¬ 
curement. In the fresh-water pulmonate gastropods, Lymnaect, Helicosoma, 
and Physa, the breathing rhythm, as evidenced by the duration of the interval 
between surfacings, is a function of oxygen need. 80 In water containing 
approximately 6 cc. Qa/l. these molluscs remain submerged three times as 
long as in water with only 2 cc, 0 3 /l. The temperature also influences sur¬ 
facing interval, by its effect on activity and on dissolved oxygen. Individuals 
at 11° C. remain submerged 22 times as long as those at 21° C, 

The respiratory movements of air-breathing pulmonates have been in- 
vestigated, 83, 238, 378 and factors knowir to affect the ventilation rate are carbon 
dioxide excess, oxygen lack, temperature, and humidity. 378 Two respiratory 
mechanisms are involved in the breathing regulation of this group-the control 
of the pneumostome opening and the contraction of the muscle plate con¬ 
tributing to the mantle lung. The stimulating effect of carbon dioxide in low 
concentrations has been demonstrated in opening of the pneumostome in 
Umax, Helix, and Arion, and at a tension of 3-5 per 1 cent C0 2 the aperture 
may remain open. 88 The effect of oxygen decrease on pneumostome control 
is questionable, but it is definitely effective in bringing about the contraction 
of the sides of the mantle cavity, thereby increasing ventilation movements. 
The role of hydrogen ion activity and of carbon dioxide increase have not 
been elucidated in these pulmonates, although in the common oyster, Ostrea 
virginica, the effect of acid, administered as HC1, is indicated by increased 
water passage through the bivalve, subserving both ingestion and ventilation. 
Oysters exposed for 6 hours to a pH of 6.75 to 7.0-somewhat below their 
normal environmental range (pH 8.1)-continue pumping 95-98 per cent of 
the time, considerably more than the normal rate, 

The cephalopods have a highly developed state of respiratory control with 
a nerve action analogous to that of the Hering-Breuer reflex of higher verte¬ 
brates. Winterstein studied the effects of respiratory stimulants on the ventila¬ 
tion of Octopus and showed that carbon dioxide is a very potent factor in 
increasing the frequency and, to a lesser degree, the amplitude of breathing 
movements. 817 The volume of water pumped through the mantle cavity of one 
experimental animal increased from 230, to 1075 cc. per minute under the 
influence of carbon dioxide. Winterstein emphasized the importance of hydro¬ 
gen ion activity rather than C0 2 as the effective respiratory stimulant. 376 

Breathing Movements tn Crustacea. Although body motion, abdominal 
flexion, and leg movement are important for ventilation in Crustacea, the two 
respiratory mechanisms which have been most thoroughly studied experi¬ 
mentally are scaphognatbite beat and pleopod movement. Increase in tempera¬ 
ture causes an increase in rate and amplitude of scaphognatbite beat. 198 As 
to the stimulating effect of oxygen deficiency on rate of ventilation there is 
general affirmative agreement among investigators, most of whom have dealt 
with the European crayfish, Astacus fluvialilis. However, there is consider¬ 
able disagreement regarding the effects of carbon dioxide on this species. 114 ’ 
in, an, 825 SoHjg 0 f t}, e difficulty in determining the precise effect of carbon 
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dioxide may be due to its absorption by the exoskeleton, as pointed out by 
Peters, 280 who found it is necessary to coat the animal with collodion to get 
consistent results; presumably no harmful effects are produced by the sealing. 
Jordan and Quittart 197 describe a kind of Cheyne-Stokes respiratory pattern 
resulting from treatment with excess CO 2 . After an interval of apnea, there 
ensues a period of discontinuous hyperventilation, followed by eupnea despite 
continual exposure to 10 per cent carbon dioxide. The evidence indicates a 
stimulating action of C0 2 in the crayfish, but, owing both to its possible fixa¬ 
tion in the shell and to its solubility in sea water, this stimulant may be less 
effective than is oxygen lack. 

In Eriocheir sinensis both HC1 and C0 2 in mild excess inhibit ventilation, 
but in considerable amounts stimulate respiration. 153 After removal of the 
antennal appendages the respiratory inhibition is lost, suggesting the presence 
of carbon dioxide receptors on the antennae. 

The movement of the pleopods bn several isopod and amphipod crustaceans, 
in "response to respiratory stimulants, seem to indicate a rather pronounced 
generic difference in these forms (Table 47). This may be correlated in some 
way with habitat; the terrestrial Ligia, for example, responds neither to C0 2 
excess nor to 0 2 reduction, but does show a slowing of pleopod rhythm when 
the oxygen tension is increased. 114 

Breathing in Insects. These organisms have received the major share of 
attention in studies of invertebrate respiration, largely because of their econom¬ 
ic value but also because of the interest in their unique breathing mechanism. 
A number of excellent reviews are available for consultation of the very ex¬ 
tensive literature in this field dating as far back as Vauquelin’s stimulating 
work on the Orthoptera in 1792. 174( 30818861308 

Briefly, two kinds of movement may be distinguished: rhythmic pumping 
motions which involve the abdomen and part of the thorax, and occasional 
opening and closing of the spiracles. Expiration is an active process; inspiration 
is either active or passive. All these movements are coordinated by respiratory 
centers—"primary” segmental centers and "secondary” higher-order centers in 
the prothorax. 335 ’ 386 A complete elaboration of orthopteran respiration was 
presented by Lee, 222,228 who clearly demonstrated the direction of air flow 
and the correlation of ventilation movements with spiracular patency and 
occlusion. Further ingenious experiments on grasshoppers by McCutcheon 
have shown the presence not only of an inspiratory and an expiratory phase, 
but of a compressatory phase as well, a relatively long interval during which 
intratracheal pressures may increase from 2 to 30 mm. Hg above ambient 
pressure. 248 In the grasshopper the anterior spiracles (the two pairs of thoracic 
and the first two pairs of abdominal) are inspiratory, while the posterior 
(abdominal) apertures are expiratory. Valvular mechanisms direct the flow, 
and central reflexes control the synchronization of movement. In abnormal 
cases, e.g., in blockage of the anterior spiracles, air both enters and leaves by 
way of the abdominal tracheae. Owing to loss of vital water through open 
tracheae, the normal preferred condition of the spiracles is a closed one. 
However, to permit gas exchange the spiracles must either remain partially 
open, as in the flea, or open and dose alternately, as in the grasshopper. That 
this pattern of directional air flow as described for the grasshopper is only one 
of many is emphasized by the gas exchange in the larval dytiscid, Cybister, 
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which in water inspires through the last pair of spiracles and expires through 
all the lateral apertures, but in air, inspires and expires through the lateral 
spiracles. 

Ingenious experiments have been devised to show the amount of air which 
can pass through the tracheal system. The locustid, Chortophaga viridifasciata, 
circulates on the average 0.222 cc./gm./min. at 28° C. 250 The vital capacity 
of insects is known to be generally high, 60 cu. mm./gm. animal weight in 
Dytiscus , 21 ° In exceptional experimental conditions the air flow may be 
reversed, passing in through the posterior spiracles and leaving through the 
anterior ones. 250 

Coordination of the insect respiratory movements lies in segmental nerve 
centers, responsible for the ventilation pattern in each segment. They in turn 
receive impulses from central coordinating thoracic centers, which are usually 
more sensitive to respiratory stimulation from carbon dioxide excess and oxygen 
lack. Rhythmic potentials corresponding to the breathing cycle have been 
recorded in ganglia isolated from the water beetle. and cockroach. 1,291 In the 
dragonfly, Aeschna , only the secondary (thoracic) centers are very easily 
stimulated by low oxygen and high carbon dioxide tension, but in the stick 
insect, Dixippus, both types of centers respond to these stimulants. 385 It is well 
known that isolated abdominal segments and decapitated insects may display 
respiratory movements for considerable time. There is general agreement that 
both carbon dioxide increase and oxygen want stimulate ventilation move-, 
ments in insects (Table 47). McGovran 250 has increased air flow through 


TABLE 47. RESPIRATORY RESPONSE TO O s WANT AND CO, INCREASE 
-f —positive stimulation. — =no effect. ( ) =questionable effect. 



Type of Respiratory 


CO, 

Animal 

Movement 

OjWant 

Increase 


ANNELIDA 

Tubifex rivulorum (oligochaete)” tail undulation 
Limnodrilus hoffmeisteri (oligochaete) 8 " " 

Arenicola marina (polychaete) 81 water pumping 

Nereis virens (polychaete) 85 " " 

MOLLUSCA 

Anon ater (pulmonale)* 1 ’ *** spiracle (COj) 


Umax (pulmonate) 88 ' “ 

Helix (pulmonate ) 98 ’ m 

Helix (pulmonate)*** 

Limnaea stagmlis (pulmonate)** 

Octopus (cephalopod)*” 
CRUSTACEA 
Bmchipus (phyllopod) 8 
Balarns balanoides (barnacle) 114 

Cheimephahs diaphanus 
(phyllopod) 11 * 

Astacus fluvtatilis (crayfish)*" 


spiracle (COj) and lung (+) 

wall (Oa) 

spiracle (COO and lung (+) 

wall (00 

spiracle (COO and lung (+) 

Wall (00 

spiracle (COO and lung + 

wall (00 

spiracle (COO and nega- + 

tive geotaxis (00 

ventilation movement + 

limb movements + 

movement of terga and - 

acuta 

limb movement - 


+ 

+ “ 

+ + 

+ (+) 

C+) + 


scaphognathite movement 
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TABLE 47 (continued). 


RESPIRATORY RESPONSE TO 0, WANT AND CO , INCREASE 
-j- =positive stimulation. - ~no effect. ( ) ^questionable effect. 


Animal 

Type of Respiratory 
Movement 

0* Want 

CO, 

Increase 

Lacerta viridis (lizard) 87 

„ 

+ 

+ 

Ophisaumapus (lizard) 881 

99 99 

+ 

+ 

Anguh frdgilis (lizard) 884 

99 ft 

+ 

+ 

Alligator misshsippiemis (alligator)” 8 ' 

99 99 

+ 

f 

AVES 

Ams.boscas (mallard duck) 188 

ventilation movement 

(+) 

+ 

Passer domestkus (English sparrow) 108 

99 99 

(+) 

+ 

Sturms vulgaris (starling) 180 

9t tt 

(+) 

+ 

Columba livia dmestica (pigeon)™ 

99 19 

(+) 

+ 


Chortophaga by adding carbon dioxide to the inspired air. In conclusion, the 
breathing movements of insects and of spiders as well 161 respond to the action 
of carbon dioxide and oxygen on the respiratory centers in the same general 
way as do the breathing movements of higher vertebrates. 

A further type of respiratory control can be evoked in tracheal organisms 
by action of respiratory stimulants on the cells regulating the size of the aper¬ 
ture of the tracheal ending. These effects have been extensively investigated 
in the common flea. 157, 808 Tracheal pulsation is accelerated by oxygen defi¬ 
ciency and carbon dioxide increase, as well as by temperature elevation in the 
region of die spiracle. The effect of carbon dioxide and oxygen has been 
investigated in a number of "ventilation control" insects. The opening of the 
spiracle in response to carbon dioxide in the cockroach, Periphneta, is almost 
instantaneous and occurs at much lower concentrations (2-3 per cent) of the 
gas than are necessary to stimulate breathing movements of the abdomen (10 
per cent). 151 Exactly what the nature of the spiracle reaction to the respiratory 
stimulant might be is subject to further investigation and interpretation. 
Wigglesworth, on the basis of his own extensive investigations and those of 
other workers, concludes that the action of carbon dioxide is mainly through 
the acidity produced in the tissue fluid, in other words a hydrogen ion effect. 888 

In this survey of the respiratory control among invertebrates and verte¬ 
brates, the importance of carbon dioxide excess and oxygen want is apparent. 
Many of the findings have been summarized in Table 47, which designates 
the type of respiratory movement, along with the response to the respiratory 
gases. In practically all cases in which carbon dioxide increase is a stimulating 
factor, so also is oxygen want; oxygen deficiency in lower (aquatic) animals 
appears to be either the only respiratory stimulant or, if carbon dioxide also 
acts, then die more fundamental one. This implies the absence of carbon 
dioxide-sensitive respiratory centers in primitive forms and correlates with the 
fact that carbon dioxide would tend not to build up to such a considerable 
concentration in aquatic forms as a result of its diffusion through the body 
surface and away from the organism. Conversely, in higher (generally ter¬ 
restrial) animals, carbon dioxide tends to play a more important role as a 
respiratory stimulant and by its action on the highly sensitive respiratory 
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centers in low concentration becomes the predominant and delicate controlling 
factor in the respiratory, pattern of the organism, relegating the factor of oxygen 
want to a minor role except in anoxic and emergency conditions. 

METABOLIC ADAPTATIONS 

Oxygen Requirements and Energy Conversion. The significance of oxygen 
rests on its importance as the ultimate oxidizing agent in the manifold series 
of energy-releasing metabolic processes in the organism. As such its utilization 
is a direct measure of the degree of activity, food conversion, heat production, 
and protoplasmic reorganization occurring within the cells and tissues-a 
function of those processes dependent on or indicated by free energy release. 
To deny organisms oxygen, however, is not necessarily to deprive them of 
the means of survival. Fortunately there are other energy-yielding reactions 
which do not depend on atmospheric oxygen-in anaerobic environments in 
which free oxygen is not a characteristic component. These metabolic adapta¬ 
tions bear an important and'universal place in the oxidative economy of organ¬ 
isms and permit life under conditions of little or no oxygen, either temporarily 
or for indefinite periods of time, 

Oxidation which depends on the combination of substrate with atmospheric 
oxygen, forming carbon dioxide and water, is but one of many processes in¬ 
volving redox energy shifts. Oxidation may, for example, be just as truly a 
process of dehydrogenation or electron loss as one consisting of the addition of 
oxygen, For reviews of the increasing tide of oxidation-reduction literature a 
number of important contributions are available. 12 * 16> 133 * l08 - 2,18 The break¬ 
down of food substances, the release of pent-up energy, and the electronic 
shifts characteristic of particular oxidation-reduction systems may occur in the 
presence of specific substrates and enzymes and often in the absence of oxygen. 
These anaerobic reactions may be of temporary and topical occurrence, as 
muscle glycolysis, on which contraction depends, and which in severe exercise 
or during submergence of diving mammals is accompanied by pronounced 
oxygen debt. Or they may be more permanently anaerobic and non-localized 
processes affecting the entire animal, as, for example, in an oxygen-deprived 
nematode worm, which has yielded the advantages of an oxygen environment 
m tavor of endoparasitic anaerobiosis. 

Glycolysis, Oxygen requirements and energy yields from various types of 
organic food have been cited previously (p. 237). The steps of degradation 
of these substrates in the animal are important phases in intermediary metab- 
^ yd nf b f kdown is P robably tbe most common and 
2 27 h r St } nom - L GlycoI / sis > catabolism of glycogen to lactic add, 
mndL der T h an Tu C and aerobic conditions; glycolysis under aerobic 

tbe am « of carbohydrate 
of enel d r y ^ T ’ lered more Calculated on a basis 

rdaSffln? r 6 t0 ^ SyStem per mo1 of hexose sugar utilized, the 
relative efficiencies of the various processes 12 are as follows: 

oxidation CoHisOs + 6 0, -* 6 CO a + 6 H«0 + 686 kcal./mol 

fc “T GH “ a 2 ™ lCH ' 0H + 2 CO, + 50 tel./™! 

Acoly* Cfl,A -* 2 CHiCH(OH)COOH + 36 kal./mol 
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The oxidation of lactic acid to carbon dioxide and water occurs only in the 
presence of free oxygen, Thus the process of anaerobic glycolysis proceeds as 
far as the formation of lactic acid, and this substance is the common accumu¬ 
lation product of anaerobiosis, piling up in the tissues and flooding the blood 
stream during excessive activity, incurring an oxygen debt, and awaiting an 
adequate return of oxygen to balance the oxidation budget. 

Glycogen as an energy source is common among invertebrates, according 
to determinations made by direct analysis and measurement of the R.Q. Some 
tapeworms consist of as much as 60 per cent dry weight of glycogen; when 
raised in a glucose-free medium these worms may undergo a decrease in glyco¬ 
gen to 6 per cent of the original level . 338 Nematodes can synthesize glycogen 
if glucose is present in the culture medium. In some free-living planarians 
seasonal changes occur in glycogen content with a minimum in summer, cor¬ 
responding to a reduced carbohydrate metabolism. Free-living and parasitic 
forms alike undergo considerable anaerobic glycolysis, with a tendency natural¬ 
ly for extreme anaerobic adaptation in the endoparasitic animals . 111 Indeed, 
moderate oxygen tensions are claimed to be poisonous to some anaerobes, 

I he over-all pattern of anaerobic glycolysis is a complex system of reactions 
in which phosphorylated esters are formed under enzymatic control with 
energy shifts of relatively high levels, brought about through phosphate high- 
energy double bonds . 230 ’ 231 • 331 Although certain exceptional cases have been 
cited , 280 the work at present indicates remarkable consistency and uniformity 
in the pathway of glycolysis (Fig. 62). 12 - 01 Phosphorylation appears to be 
mandatory for glycogen breakdown. It may be noted that all of these reactions 
are theoretically reversible, but ordinarily move in the direction of degradation. 
The important thermodynamic aspects, of this series of reactions involve the 
transfer of energy through the adenosine triphosphate (ATP) system between 
steps four and five, the conversion of fructose- 6 -phosphate to fructose- 1 , 6 - 
diphosphate, and the liberation of energy in the oxidation of the glyceralde- 
hyde diphosphate to diphosphoglyceric acid. 

The conversion of pyruvic acid may be through a number of alternate 
routes: reduction to lactic acid, decarboxylation, or oxidation by way of the 
familiar tricarboxylic acid cycle (Fig. 63). The latter oxidative transfer system 
was established in vitro by Krebs' and his co-workers , 208 and involves the sue- 
cinate-fumarate-malate-oxaloacetate dehydrogenase systems. Pennoit-de Coo- 
man 218 demonstrated in the cestode, Cysticercm pisifomis, the. presence of 
succinase, fumarase, and lactic acid and acetic acid dehydrogenases. 

This much detail has Ireen considered in relation to glycolysis, inasmuch as 
glycogen is present in considerable quantities in practically all organisms and 
is the most readily mobilizable, and conveniently stored, source of energy. 
Simpler carbohydrates, glucose and fructose, for example, are readily avail¬ 
able for glycolysis, but generally are not stored in sizable quantities. 

Carbohydrate Conversion. An effective metabolic adaptation which makes 
possible energy stores at an oxygen saving is the well established conversion 
of carbohydrate to fat. The synthesis of fat from partially non-lipoidal sources 
has been experimentally demonstrated, utilizing deuterium as a tracer, feed¬ 
ing it to mice in drinking water . 318 Organisms on lipoid-free diets may synthe¬ 
size fat, and the ‘‘hardening" of fats of livestock by feeding carbohydrate and 
protein illustrates the conversion that must take place, The general saving in 
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Pathway of Glycolysis 

GLYCOGEN + INORGANIC PHOSPHATE 
(phosphorylase) 
GLUCOSE-l-PHOSPHATE 
(phosphoglucomutase) 
GLUCOSE-6-PHOSPHATE 
(oxoisomerase) 

FRUCTOFURANOSE-6-PHOSPHATE 

(phosphohexokinase) 

FRUCTOFURANOSE-1:6-DIPHOSPHATE 

/ 

(zymohexase) 

3-PHOSPHOGLYCERALDEMYDE 



1:3-GLYCERALDEHYDE DIPHOSPHATE 
(triosephosphate dehydrogenase) 

1:3-DIPHOSPHOGLYCERIC ACID 
(phosphokinase) 

3-PHOSPHOGLYCERIC ACID 
(phosphoglyceromutase) 

2-PHOSPHOGLYCERIC ACID 
(enolase) 

2-PHOSPHOPYRUVIC ACID 
(phosphokinase) 

PYRUVIC ACID 

Fig. 62. Pathway of glycolysis involving the phosphorylation of hexose and transfer 
of energy through the energy-rich phosphate bonds. All these reactions can occur under 
anaerobic conditions. From Baldwin. 11 
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PYRUVIC AQD 



SUCCINIC ACID OXALSUCQNICAQD 



CO, 


Fig. 63. The tricarboxylic add cycle involving the oxidation of pyruvic add. From 
Gortner, R. A., Outlines of Biochemistry (1949). New York, Wiley. 

oxygen in this conversion is derived from the relatively high oxygen content 
of carbohydrate compared with that of fat. This is further manifested in the 
R.Q. values. The mechanism of carbohydrate conversion into fat is still not 
clear, but such conversion probably takes place mainly in the liver and involves 
some kind of phosphorylation of carbohydrate comparable to that involved in 
glycolysis. 288 . 

Anaerobiosis. Relative anaerobiosis is not to be considered an extraordi¬ 
nary metabolic process. Indeed, it is the unique animal which is incapable of 
some form of- anaerobic metabolism, although this may be prescribed by an 
oxygen-deficient environment rather than an oxygen-free one. The survival 
period and recovery time for aerobes placed under conditions of enforced 
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anaerobiosis vary, of course, from individual to individual. The larva of the 
helminth, Eustrongylides, for example, can tolerate anaerobiosis for 18 hours 
and then recover locomotion in 30 minutes. Some worms, molluscs, and crusta¬ 
ceans can survive anaerobic conditions for periods exceeding three months, 40 
Generally speaking, terrestrial organisms are less resistant to anaerobiosis than 
are aquatic forms. Insects, particularly adults, are sensitive to oxygen deficiency, 
Likewise, the recovery times of insects are relatively long. An important factor 
in the survival time is always the degree of activity of the organism in ques¬ 
tion. 89 The ability of certain organisms to survive complete oxygen lack- 
true anaerobiosis-is rather rarely encountered. An even rarer occurrence pre¬ 
vails when organisms are injured by the addition of oxygen. 71 We find, then, 
animals exhibiting all degrees of oxygen-deficient metabolism, ranging from 
(1) those anaerobes finding| oxygen harmful (e.g., intestinal flagellates (bf 
termites); (2) those which usually live in an oxygen-free or practically oxygen- 
free environment but can utilize oxygen if it is supplied (e.g., tapeworms); 
(3) those which ordinarily use oxygen but may get along for a while in an 
environment devoid of oxygen (e,g., frog); to (4) those which may be con¬ 
sidered essentially aerobic and depend on oxygen (e.g., man), but in which 
anaerobic processes such as musclei glycolysis occur, and, during exercise, 
an oxygen debt is contracted. Anaerobic muscle metabolism is particularly 
pronounced in the diving birds and mammals (see above). 

It is worth noting that under experimental conditions many animals, in¬ 
vertebrates particularly, may be shifted in favor of or against an oxygen-poor 
environment,, causing some organisms to become more, and others less, an¬ 
aerobic than is their tendency in nature. Such experimental modification is 
not without significance in consideration of the variations in data that have- 
been reported by some investigators for low oxygen consumers. For conven¬ 
ience as well as for accuracy, experimental anaerobiosis should be clearly 
distinguished from natural anaerobiosis. Anaerobic demonstrations under 
experimental conditions in the frog, 281 cockroach, 327, 328 earthworm, 329 Para- 
mecium, 203 Planaria and Tenebrio 147 are all valid cases of the adaptive 
ability of animals to "withstand oxygen lack for various periods of time, gener¬ 
ally by way of reducing metabolism and enduring considerable oxygen debt, 
They tell us, however, little else, and it is unlikely that oxygen-free conditions 
in nature are confronted by any of these animals. 

The oxidative accomplishment by which true anaerobiosis is attained in 
endoparasitic ascarid worms, for instance, rests on two factors: the dependence 
on anaerobic glycolysis, which, although not a high energy-yielding process, 
nevertheless is adequate for their needs, and .further, the unusual tolerance to 
acid metabolites, as lactic, valeric, caproic, butyric, and propionic acids, which 
accumulate to a considerable degree prior to excretion, rather than being 
oxidized, as would occur if oxygen were present. 217, 247, aoo, 347 

The fact that greater amounts of glycogen may be consumed under anaero¬ 
bic conditions than during aerobiosis was shown by the work .of von Brand 48 
on Spirographis and Halla, and of Dausend 88 on Tubifex. Concerning the 
importance of fat and protein as energy sources under anaerobic conditions, 
von Brand regards fat as of little consequence but suggests that in Hirudo and 
Ascaris protein catabolism may play a significant role. 

The utilization of oxygen when supplied to normal anaerobes has presented 
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a good deal of conflicting data. Many obligatory anaerobes are harmed by high 
oxygen tensions, as in the classic defaunation experiments on termites. 71 ' 129 It 
has been claimed that the period of survival of Ascaris raegalocephala in cul¬ 
ture is shortened by increased oxygen. 347 Most ascarids and tapeworms utilize 
oxygen whenever it is made available, thereby actually increasing metabolic 
efficiency. 48 ' 80,217 

Elimination of carbon dioxide occurs during anaerobiosis, 247,281, 889 but 
how much of this actually represents a production of carbon dioxide and how 
much represents its release by the acid metabolites formed is still subject to 
further experimentation and interpretation. Certainly much of the carbon 
dioxide, having already been formed prior to the experimental anaerobiosis, 
is merely released from the tissues. The carbon dioxide recovered post-anaero- 
bically from Temopsis is less than would be expected in oxygen debt payment 
and may represent a shift in alkali reserve necessary to buffer the large amounts 
of acid metabolites produced. An interesting buffer safeguard against these 
acids is found in bivalve molluscs, which utilize calcium carbonate from the 
shell during long periods of anaerobiosis. 102 

Anaerobiosis among invertebrates has been extensively surveyed by von 
Brand in a monograph based largely on his own investigations, 49 Under experi¬ 
mental conditions certain organisms from all major invertebrate groups can 
survive oxygen lack or its near depletion. The relative resistance to anaerobio¬ 
sis may vary with activity, nutrition, size, and stage in the life cycle, eggs and 
cysts, for example, being considerably more tolerant to oxygen lack than free- 
living adult stages. 

True anaerobiosis is not uncommon among Protozoa, although it is not easy 
to rule out the possibility of last traces of oxygen, The resistance to anaerobio¬ 
sis among Protozoa is known to be greater under natural conditions than under 
experimental oxygen lack, possibly owing to the gradualness with which the 
organisms in nature become subjected to anaerobiosis, thus allowing for a 
certain degree of adaptation not seen in the laboratory. 

All degrees of oxygen tolerance are found among the intestinal worms- 
ascarids and tapeworms-depending on the worm in question and on the 
particular site of its location in the intestinal tract. According to von Brand 49 
"the old controversy 'aerobiosis or anaerobiosis,’ with,respect to intestinal 
worms, should be abandoned, and... it should be recognized that one animal 
may, depending on its organization, live a predominantly anaerobic life in the 
same surroundings in which another worm is capable of leading a chiefly 
aerobic life.” 

Among the molluscs the lamellibranchs show the greatest anaerobic adapta¬ 
bility, cephalopods the least, Anaerobiosis among lamellibranchs must be of 
considerable importance to those marine forms which live in the tidal zone and 
are unable to obtain oxygen during intervals of low tide. 

Anaerobic conditions have been demonstrated in many crustaceans, in¬ 
cluding copepods, cladocerans, ostracods, and cirripidians, as well as in certain 
insect larvae, 

In conclusion, anaerobiosis as a physiological adaptation seems to have 
developed in a number of forms, and is particularly refined to permit certain 
organisms to survive conditions of oxygen want as endoparasites, The pre¬ 
vailing anaerobic glycolysis throughout the animal kingdom already had pro- 
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vided these forms with an energy-yielding mechanism, and it was only 
necessary to develop an increased tolerance to the acid metabolites produced, 
and a way of excreting them. Whereas aerobes ordinarily convert the lactic 
acid back into glycogen or oxidize it to carbon dioxide (and thereby form an 
oxygen debt when subjected to a nitrogen atmosphere), anaerobes eliminate 
the lactic acid and its metabolic counterparts (and contract no oxygen debt). 
The reduction in metabolic activity also operates in behalf of anaerobes, but 
apparently this presents no hardship to organisms designed to live as endo- 
parasites, There seems little evidence in the work performed so far to indicate 
that anaerobic mechanisms phylogenetically preceded aerobic ones. Until 
more information is available, we may assume they both arose early and per¬ 
haps have developed together in a parallel manner. 

Oxygen Debt. The concept and measurement of the oxygen debt has been 
applied to both vertebrates and invertebrates. The debt arises during periods 
of activity when the oxygen supply cannot keep pace with the demand, yet 
the metabolic processes continue, building up,lactic acid and other breakdown 
products which are oxidized when sufficient oxygen becomes available. The 
amount of accumulated lactic acid is proportional to the oxygen debt. In man 
severe exercise may result in a debt of 10 liters or more of oxygen, requiring 
at least an hour for complete removal of excess lactic acid. 

Invertebrates may be grouped according to two main type? of reaction to. 
temporary oxygen deficiency: (1) contraction of an oxygen debt-similar to 
the situation in the vertebrates, or (2) elimination of acid waste products 
without benefit of complete oxidation-characteristic of anaerobes-thereby 
avoiding oxygen indebtedness. Among the former group may be noted the 
earthworm, 32 ® cockroach, 827 grasshopper, 88 Planaria, m and Planorbis,* 4 all of 
which repay the oxygen debt formed under partially anaerobic conditions, and 
Mya, which, interestingly, after low tide utilizes increased quantities of oxy¬ 
gen. 84 On the other hand, true anaerobes eliminate lactic and fatty acid 
metabolites without requiring any oxygen from outside sources. Nereis 181 and 
Urechis 142 react this way. Some organisms characteristically develop only a 
small oxygen debt and repay it within a very short period of time, e.g., 
Ascaris, 145 Drosophila , 84 and Chironomus. m The oxygen debt of Chironomus 
calculates to about 0.5 per cent of what the value of oxygen consumed would 
be if aerobic had replaced anaerobic conditions. One assumes the end-products 
are otherwise eliminated. The small magnitude of the oxygen debt of Droso- 
phila in flight is of interest-0.18 cu. mm./individual. It is paid off within two 
minutes after the cessation of activity. 64 

Respiratory Quotient. A quantitative determination of the metabolic 
activity of organisms may be obtained from a measurement either of the 
amount of oxygen consumed or of the quantity of carbon dioxide produced. 
By comparison of the two-the ratio of volume of carbon dioxide to volume of 
oxygen, the respiratory quotient (R.Q.)-an estimation can be made of the 
types of food materials oxidized. Definite R.Q. values are recognized for the 
main types of organic food; 214 ' 800 ' 882 the R.Q. value of pure carbohydrate 
(e.g., sucrose) is 1.00, of fat, 0.71, and of protein, about 0.79. For the calcula- 

by means of urinary nitrogen. On an average mixed diet, man has an R.Q. of 
approximately 0,8 to 0.85. Herbivores naturally tend to have a high R.Q., 
carnivores a low one. 
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The literature unfortunately abounds with respiratory quotient determina¬ 
tions of doubtful value, Such determinations on animals subjected to partial 
anaerobiosis are worth little unless carbon dioxide during and after anaero- 
biosis is quantitated against post-anaerobic oxygen utilization. An ‘'i nfini te” 
R.Q. value reported by various investigators (e.g., Maloeuf 241 ) is of little 
significance except to enunciate the temporary oxygen deficiency or the sudden 
release of large quantities of stored carbon dioxide. The fixation and release 
of carbon dioxide from calcium carbonate deposits in or about the body have 
supplied “false” R.Q. values in some of the earlier investigations. 45 The lobster, 
Homarus, for example, gives a normal but “false" R.Q. of 1,39 when the 
specimens are untreated, but lower values of 1.00 when the specimens are 
coated with paraffin, and 0,92 when they are covered with collodion. Sub¬ 
normal respiratory quotients, as low as 0.4 in the marmot, for instance, are 
probably to be attributed to the slow release of carbon dioxide from the tissues, 
at low body temperature. 28 

Another source of possible error in R.Q. values is pointed up by recent 
work on carbon dioxide fixation and its synthesis into carbohydrate, 73 ' 851 
Fasted rats and rabbits, when fed bicarbonate tagged with radioactive carbon, 
form labelled glycogen in two to three hours after administration. It is obvious 
that under these conditions the respiratory quotient may be changed, owing 
to utilization of this inorganic source of carbon and synthesizable carbonate. 
An interesting use of radioactive carbon in the study of respiratory gases was 
the recent demonstration of the previously suspected carbon monoxide-carbon 
dioxide conversion, in which C 14 0 administered to turtles and mice appeared 
in significant quantities as C 14 (V 0 

The respiratory quotient may vary with gas tension or be independent of 
it. It is apparently independent in Chironomus , perhaps owing to a kind of 
metabolic control as well as to the presence of blood pigment. 144 The R.Q, of 
Tubifex is dependent on oxygen tension: 0.70 in 21 per cent oxygen and a 
high and perhaps misleading 2.75 in 0.8 per cent oxygen. 146 Lumbricus com¬ 
munis gives an R.Q. of 0.75 in 21 per cent oxygen, and 0.99 in 5 per cent 
oxygen. 217 The work of Rahn and Otis 294 on human subjects carried to simu¬ 
lated altitudes of 22,000 feet in a decompression chamber demonstrates a shift 
in respiratory quotient toward a higher value (1,2), owing to hyperventilation 
and the blowing off of carbon dioxide, which then decreases while remaining 
“aloft." On descent, the respiratory quotient is low (0,55) but is shifted toward 
normality (0,8) as the respiratory balance is regained, 

The conversion of food substances within the organism is attended by varia¬ 
tions in the respiratory quotient, Thus during the formation of fat from carbo¬ 
hydrate sources a high respiratory quotient prevails as a result of the conserva¬ 
tion of oxygen in the organic transformation, The fattening process in livestock 
in which forced feeding with carbohydrate results in fat formation is accom¬ 
panied by a high R.Q. This is shown by values as high as 1.49 in overfed 
geese (Fig. 64). 27 Likewise, the utilization of fats and proteins and their 
possible conversion to carbohydrate is characterized by low respiratory quo¬ 
tients, Low R.Q, values; are found in fasting and starved animals, most of 
which have an R.Q. near or a little below 0.7. 

Changes in the R. Q, occur with activity, inasmuch as carbohydrate stores 
are first oxidized and with their depletion, as when available glycogen is used 
up during long sustained moderate exercise, more and more fat and protein 
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are utilized, The decrease in R,Q, in hibernating animals is correlated with 
low body temperature and prokbly represents a shift in favor of fit utiliza¬ 
tion, 28 - 188 

The R.Q. of insects has been studied extensively before, during, and after 
flight. Drosophila, removed from culture bottles and measured before flight, 
proved to have a high R.Q. (1.23) but during flight had values of approxi¬ 
mately 1,0. fl4 This is interpreted as possibly due to conversion of carbohydrate 
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Fig. 64. High respiratory quotient of geese when placed under forced feeding condi¬ 
tions, compared with the R. Q. of those on basal diet. The oxygen saving is due to the 
conversion ef carbohydrate into fat. After Benedict and Lee. w 

to fat during rest and indicative of carbohydrate metabolism while in flight. 
After this activity the R.Q. remains at or falls slightly below 1.0 for a variable 
period. 

Temperature changes in some animals affect the respiratory quotient. Hall 187 
has described a progressive increase in the apparent R.Q. of turtles from 0.52 
at 0° C. to 0.75 at 29° C. The mound-building ant, Formica ulkei, also is 


claimed to have a very low R.Q. (0,5) at 4° and a high R.Q. (0.86) at 22° 
C, 174 A similar increase in R.Q. value with rise in temperature, from 0.70 at 
15° C. to 0.99 at 35° C., prevails in Paramecium caudatum. m 

The R,Q. is not necessarily constant throughout the life cycle of an individu¬ 
al and may reflect changes in diet. In those invertebrates with rather special¬ 
ized and changeable feeding habits, the R.Q, variations may be striking. The 
R.Q. of the shore crab, Carcinus maenas, falls from a value of 1.0 in the early 
stage of development to 0.7 a few hours later, to rise again in successive stages 
of ontogeny 2151 ' (Fig. 65). The R.Q. of the frog egg increases during develop¬ 
ment from cleavage to gastrulation, 21, 28,) perhaps indicating a change from 
lipoid to carbohydrate food reserves. The R.Q. of the silkworm embryo, 
Bombyx mori, is initially 0.79, drops to 0.64 at about the eighth day of incuba¬ 
tion, and then increases to 0.75 just before hatching. 175 



DEVELOPMENTAL STAGES 

Fig. 65. Respiratory quotient change during embryonic development of the crab, 
Carcinus, indicating different food sources at various stages of development. After 
Needham.*'* 

Despite certain limitations and precautions which must be exercised in 
interpreting R.Q. data, the respiratory quotient is of considerable value in 
identifying metabolic adaptations in-organisms. Further critical analyses of 
the sources of variation in R.Q. determinations, of "true” and "false” respira¬ 
tory quotients, of the fixation and release of COg, should extend our concepts 
rapidly along the route of the actual metabolic processes involved in gas 
exchange and energy conversion. 

CONCLUSION 

The respiratory mechanisms which have evolved to provide the necessary 
gas exchange for animals are varied and highly adaptive, both morphologically 
and physiologically. Diffusion of oxygen into the organism proves adequate 
with very small organisms, and, in fact, cutaneous respiration necessarily occurs 
if a sufficient oxygen gradient is established across the. more or less permeable, 
usually moist, integument, Gas exchange always occurs across a water film. 
The increase in respiratory surface made possible by the development of gills, 
lungs, and tracheae, as well as the added efficiency of ventilating mechanisms, 
permit increase in body size and metabolic activity. All of these specialized 
mechanisms were adaptable to life on land as well as in water, and aerial 
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respiration became common. Lung and tracheal breathers have further 
progressed to permit some to become secondarily aquatic. Various taxic and 
migratory movements may be traced to oxygen requirements. 

Ventilation movements in invertebrates and vertebrates alike are decidedly 
influenced by various factors, including temperature, carbon dioxide excess, 
and oxygen deficiency. Of these, carbon dioxide appears to play the most 
significant role in respiratory control in the warm-blooded (generally terrestri¬ 
al) vertebrates but is of lesser relative importance among lower '(aquatic) 
animals. 

Metabolic adaptations, including the oxygen-deficiency processes of anaer¬ 
obic glycolysis, anaerobiosis, accumulation of oxygen debt/carbon dioxide 
insensitivity, and carbohydrate conversion, have enabled organisms to with¬ 
stand severe oxygen stress and likewise have played a major role in the 
ecological distribution and behavior pattern of these animals. The amount of 
oxygen required, the minimum tolerable gas tension, and the oxygen utiliza¬ 
tion, although subject to modification by activity, age, size, temperature, 
season, nutrition, and sex, are characteristic for . each organism. A survey of 
respiratory and metabolic adaptations demonstrates remarkably the many 
interrelations between the fitness of organisms and their environment. 
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CHAPTER 9 


I Respiratory Functions of Body Fluids 
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TABLE 48. DISTRIBUTION OF PIGMENTS IN BODY FLUIDS 


Animal 

Examples 

Location 


Hemoglobins (Fe) 

Chordata 





All vertebrata 

(except leptoeephalan 



(eel) larvae) 10 ’ 

corpuscles 

Prochordata 

(absent from Amphioxus) 



Discoglossus 10 ’' 1,0 

ft 

Echinodermata 



Holothuria 

Thyone 101 

" 


Cucumaria fraucnfeldf 



" miniata 80 



Molpadia roretzir 3 



Anadara 1 " 

" 


Catalina" 1 

" 

Annelida 



Oligochaeta 

Lumbricus and many others 105 

plasma 

Hirudinea 

Hirudo, Analastoma, 



Nephelis and others 105 

plasma 

Polychaeta 

Many-sec Table 50 


Echiuroitlea 

Urechis, Thalassema 1 ® 1, 1511 

corpuscles 

Phoronidea 

Phoronis 108 

corpuscles 

Arthropoda 



Crustacea 

Daphnia 103 

plasma 


Cheiroccphalus 108 

plasma 


Brunchipus 74 

plasma 

Insecta 

Chironomus 1 " 3 

plasma 


Gastrophilus (horsefly) larva" 1,117 

tracheal cells 

Mollusca 



Pelecypoda 

Solon 1 " 5 

corpuscles 


Area, Pectunculus*' 


Gastropoda 

PlanoAis" 

plasma 

Nemertinea 

Polia 105 

plasma 


Drepanophorus 



(Hubrecht, in Redficld 1 * 1 ) 


Platyhelmin thes 

Derostoma 



(Moseley, in Redfield 180 ) 



Syndesmis 



(Prcnant, in Redfield 1511 ) 



Telorchis and others 1 ” 


Nemathelmintbes 

Ascaris, Nippostrongylus® 

perienteric 


Camallanus 187 

fluid and 


Eustrongylides (larvae) 58 

body wall 

Annelida 

Chlorocruorin (Fe) 



Polychaeta 

Sabellida* 

plasma 


Serpulidae* 

plasma 


Chlorhaemtdae" 

plasma 


Hemerythrin (Fe) 

Sipunculoidea 

Sipunculus 105 

corpuscles 


Phascolosoma 10 " 

corpuscles. 


Phymosoma 100 

corpuscles 

Annelida 

Polychaeta 

Magelona !W 

corpuscles 

Brachiopoda 

Lingula"*/ 

corpuscles 
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TABLE 48 (continued), DISTRIBUTION OF PIGMENTS IN BODY FLUIDS 


Arthropoda 

Arachnoidea 

Arachnida 

Crustacea 

Mollusca 

Cephalopoda 


Hemocyanin (Cu) 


Mollusca 

Pelecypoda 


Echinodermata 


Limulus” 1118 

Scorpionidae 

plasma 

If 

many Malacostraca 

" 

Loligo 

Sepia 

plasma 

. tr 

Octopus 

tt 

Eledone 

i/ 

Busycon 

it 

Buccinium and others 

tt 

Pinnaglobin (Mn) 

Pinna squamosa” 


L Echinochrome fFe") 

Echinus and others 28 


Vanadium chromoaens 

Rhodosomatidae 80 ' 180 

Ascidia, Phallusia 

vanadocytes 

Perophoridae 

„ 

Ehazonidae 

Cionidae 

plasma 

plasma 
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globin is found with bacteria in the root nodules of certain leguminous plants, 
where it appears to function in nitrogen fixation. 98 

Chlorocruorin. In three families of polychaete worms, particularly the 
Sabellidae and Serpulidae, there is a pigment, called chlorocruorin, which 
contains iron in a different porphyrin from hemoglobin and which is green 
in color in dilute solution. 

Hemerythriri. A third iron-containing pigment, hemerythrin, occurs in 
the polychaete worm Magelona, in the sipunculoid worms Sipunculus and 
Phascolosoma, and also in the brachiopod Lingula. Hemerythrin is found in 
corpuscles and is brown in color. The corpuscles of Magelona are non- 
nucleated. Hemerythrin does not contain a porphyrin, and hence is very 
different in chemical properties from hemoglobin and chlorocruorin. 

Hemocyanin. The pigment which is next in importance to hemoglobin, 
judged by its distribution, is hemocyanin. This is a copper-containing protein 
which occurs in cephalopod molluscs, some gastropods, higher crustaceans, 
Limulus, and a few arachnids. The concentration of hemocyanin roughly 
parallels that of copper in the blood. Hemocyanin is a protein without any 
porphyrin group. 

Miscellaneous Pigments. Several other blood pigments should be men¬ 
tioned, even though their respiratory function has not been demonstrated. In 
the body fluid of a mussel, Pinna , there is a brown pigment, called pinnaglobin, 
which contains manganese. 87 The body fluids of some ascidians contain a 
pigment which is a vanadium chromogen. 80 ' 150 In certain cells, the eleocytes 
of the coelomic fluid of sea urchins, there is a red pigment, echinochrome. This 
contains little iron, has a low oxidation potential, and is probably enzymic in 
function. 28 Crescitelli 25 identified by its absorption bands a pigment which he 
called raolpadin in the holothurian Molpadia. 

SIZE ANP COMPOSITION OP ERYTHROCYTES 

The hemoglobin of vertebrates is contained in corpuscles called erythrocytes. 
In higher mammals the erythrocytes constitute 40 to 50 per cent of the total 
blood. Mammalian erythrocytes are circular (except in the Camellidae), non- 
nucleated, and biconcave. Erythrocytes of most other vertebrates are elliptical, 
nucleated, and double convex. The number of erythrocytes per cu. mm. 
varies with the size of the cells. Table 50 gives the size and red cell count for 
a number of representative species. In man, the count is higher in infants 
(6,000,000/mm. 8 ) than in adults (males 5,000,000 and females 4,500,000/ 
mm. 8 ). The number of red cells is higher at high altitudes than at sea level. 
Data collected by Talbot in the Andes showed that the normal red cell count 
of most persons living at altitudes greater than 10,000 ft. was over 5,500,000 
per cubic millimeter, with great individual variability. 32 Hemoglobin content 
of the blood parallels the increase in red cell count at high altitudes. 

Table 50 shows that in general the red cells of mammals are smaller and 
more numerous than the red cells of lower vertebrates. The largest red cells 
occur in the Amphibia, particularly in such animals as Amphiuma, The 
oxygen-combining capacity of the blood is proportional to the total amount of 
hemoglobin, rather than to the red cell count, Table 50 gives the hemoglobin 
content of the blood of a number of animals. The small number of red cells 
in lower vertebrates is partly compensated by larger cell size; 
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Mammalian erythrocytes are approximately 32 per cent hemoglobin, 60-65 
per cent water, and about 8 per cent stroma, consisting of lecithin, cholesterol, 
inorganic salts and protein. In fetal life the red blood cells are manufactured 
m liver and spleen; m adults they are made largely in the bone marrow. Red 
blood cells are subject to severe wear and tear and survive only a few weeks in 
the open circulation. Measurements made with radioactive hemoglobin indi- 
° r th f red , ceI1 in the do 8 to be about 100 days; 77 in the 

wiSinS^d.™ ““ “ ab ° U ' H dayS ’ by measure " nts 

“ F0LYCHmB ' 

(Modified and extended from 183 ) 

Closed circulatory system 
Coelomic fluid pigmented 

Hemoglobin in cells of coelomic fluid and in blood plasma 

ri ■ n ere Je a bpidaria Travisia forbesii 
woelomic fluid not pigmented 

Hemoglobin in blood plasma 
Nereidae 
Amphitrite rubra 


Arenicola marina Ampliistenidae 
Clymene lumbricoides Cirratulidae 
Eunicidae 


Chlorhaemidae 


Lepidonotus squamatus 


Chlorocruorin in blood plasma 

Sabellidae Serpulidae 

Hemerythrm m non-nucleated blood corpuscles 
Magelona papillicomis 

No pigment in either blood or coelomic fluid 
Aphroditidae 

Hemoglobin m corpuscles in coelomic fluid 

GlycSe 6 Polycirrushematodes Urechiscaupo 

Hemerythrin in corpuscles in coelomicfluid aUrantlacus Thal » 
Noni PmP !l PUnCU ! USn t S Phascolosoma 

tNo pigment m coelomic fluid 

—__Polycirrus tenuisetis Pol ycirrus arenivorus 


CHEMISTRY OF PIGMENTS 

large, and consist a ?“• molecul , es of hemoglobin are 

hydrochloride of heme 8 T and WF**, hemin. Hemin is the 
Pyrrol rings, as shown in FigureTfcm^h™ 8 - are COm P° sed of four 
porphyrin; for example the n.W f- f ? S ! han lron can C01 ^ine with 
turaco is a combination of Jrnh ° eat ^ ers the South African 
various nitrogenous compouSs^o^ive^ Heme can combine with 
can be produced by the action of arid en ?° c f lromo 8 ens - A hemochromogen 

widespread of all hemochromogens is cy^Um e UPOn hemo 8 lobin - Tbe most 

occurs in three forms, a, b and c and j 3 reSpiratory Pigment which 

cells. 05 Other hemochromogens are such d * most ! if not all > aerobic 

occurs in sea anemones, and helicorubin a< : tmiobematill > which 

bile of certain snails, 5 . 50 The heme i ’tlv ^ ° Und ln tbe musc les and 
heme m a H these hemochromogens is similar; 


TABLE 50. SIZE OF RED BLOOD CORPUSCLES IN MICRA DIAMETER, 
COUNT IN MILLION CELLS PER CUBIC MILLIMETER, AND 
HEMOGLOBIN CONTENT IN GRAMS PER 100 CUBIC 
CENTIMETERS OF BLOOD 
(Except where otherwise indicated) 

Data on size and red counts, 11 " 1 ' hemoglobin data 81, ,8:) ' li0, 3 "' w ' U1 ; when several values 
or ranges of values were, given, these have been averaged. Individual variability within 
a species is great, and the values given in this table are reasonable means. 


Animal 

Red Cell 
Diameter in ^ 

Red Cell 
Count in 
Million/ihm." 

Hemoglobin 
gm,/lQ0 cc, Blood 

Mammals 




lemur 

6.8 


11.2 

macaque 

7.1 

5.0 


man (male) 

7.7 

5.0 

16 

man (female) 

7.7 

4.5 

14 

dog 


4.5 

14,8 

horse 

5.5 

5.8 

11,0 

bull 

6.0 

5,0 


sheep 

5.5 

11.5 

13.2 

pig 


6.3 

13.9 

goat 



12,8 

rat 


9.0 

13,8 

mouse 

5.7 

9.2 

14.6 

guinea pig 

7.5 

5.2 

14.1 

woodchuck 

7.4 

73 

13.9 

rabbit 

7.0 

6.0 

13,5 

opossum 

6.5 

5.9 

10.0 

camel (dromedarius) 

8 x 4.6 

10.8 

14,4 

llama (glama) 

7,8 X 4.8 

11,3 

13,4 

llama (poeas) 

8.0 X 43 

19,4 

15,9 

seal 


6.01 

16,5 

Birds 




fowl 

13 

3 

11.3 

mallard duck 

11.2 X 6,7 

3 

15.6 

pigeon 

13 X 6,5 

3.6 

14.85 

sparrow 

12,5 X 6,25 

3.74 

13.01 

ostrich 

18 X 8 



goose 


2.71 


canary 


3.5 

10.4 

Reptiles 




Laccrta agilis 

14.7 X 6 

0.94 

5.7 

Lacerta muralis 

13.2 X 6,2 

1.447 

9,0 

Anguts fragilis 

17.8 X 93 

1.6 

11,3 

Emys orbicularis 


0.503 

6.6 

Phrynosoma 

12 X 5 



alligator 

14. x 25 

.85 


Bothrops (snake) 



. 7.80 

Amphibians 




Rana csculenta 

22.8 X 15.7 

0.53 

9,5 

" temporaria 

19.7 X 133 

0.408 


Hyla arborea 

18.5 X H.7 

0.67 

10.2 

Bufo vulgaris 

20.5 X 133 

0.38 

10.2 

Necturus maculosus 


0.056 

9.8 

Triton vulgaris 

32 X 25 

0.135 


Triton alpestris 

36 X 13 

: 0.11 

6,0 

Triturus iridcscens 

: 30 X 19.6 

0,103 
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S Z i?r F r^Pr BL00D CORPUSCLES IN MICRA DIAMETER, COUNT IN 

M L r^aIi s PER CUBIC millimeter, and hemoglobin 

CONTENT IN GRAMS PER 100 CUBIC CENTIMETERS 
OF BLOOD 

(Except where otherwise indicated) 

Data on size and red counts, 188 ' hemoglobin data 81 ' 1M ' I80, «'• when several values 

or ranges or values were given, these have been averaged. Individual variability within 


Salamandra maculata 
Salamandra atra 
Proteus anguineus 
Amphiuma 
Plethodon 
Fish 

yellow perch 


channel catfish 
toadfish 
puffer 
scup 
sea robin 
mackerel 
goosefish 
Amia calva 

Protoptems ethiopicus 

torpedo 

Raja 

Myxine glutinosa 
Invertebrates 
Urechis caupo 

Sipunculus nudus 
Glycera convoluta 
Anadara 


Red Cell 
Diameter in ^ 

Red Cell 
Count in 
Million/mm. 8 

35.5 X 20.5 

0.057 

41.7 X 19.8 

0.054 

60 x 35 

0.036 

67 X 41 


32 x 13 



1.10 

22.9 X 13.9 


12 X 9 

2.0 


2.1 

16.7 X 10.3 



1.6 


1.98 


2.4 


.585 


2.284 


2.685 


2.536 


3.00 


.867 

19 X 10 

1.7 

40 x 30 


27 X 20 

0.14 


.2 

25 X 20 


25 


16 x 12 


50 

. 



Hemoglobin 
gm./100cc. BIiKxl 


Z J n n “ ’ ” in the mtro 8 enous base. Since heme is so wide- 

p ad n occurrence, it is not remarkable that it has been utilized in blood 
pigments m a wide variety of unrelated animals. 

In hemoglobin the iron is found to be in the reduced (ferrous) state The 

™ sTrncenm T dTt ^ “ °' 336 ^ ““ (that o! horse^emoglobin 
V, Fr cent >' anli tlle heme content is 4 per cent. Each unit of hemo- 
g ohm containing one atom of iron has a tnolecAr weight rf 16 400 S- 
giohm mammahan bleed, however, consists of fourty LhenSTs 
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four atoms of iron and a molecular weight of about 67,000. Muscle hemoglobin 
contains two heme units. In all of the vertebrates, with the exception of the 
cyclostomes (Myxine), the blood hemoglobin contains four atoms of iron; in 
Myxine there are two. I he invertebrate hemoglobins are composed of two or 
many, but never four, units. 

The function of hemoglobin as an oxygen carrier depends on the loose 
combination of the ferrous iron with oxygen (oxygenation). The ferrous iron 
can be oxidized by strong oxidants, resulting in methemoglobin. The resulting 
ferric iron is incapable of combining further with oxygen. Oxygen combines 
in the proportion of one molecule per atom of iron. 

I he rate of dissociation or unloading of oxygen has been measured photo- 
electrically. 5 * 14,118,1:1,1 The time for 50 per cent dissociation (deoxygenation) 


CH, CH*CH, CH. CH a CH, 


I I ,CH | I 


V V 



*Grams per 100 cc. cells 
fHematocrit index. 


Bg. 66. Structural formula of heme. 

is similar in man, sheep, frog, and Glycera, but is longer in Lumhricus (Table 
51) and very long in 

The protein portion of the hemoglobin molecule differs from species to 
species and even from embryo to adult in an individual. The protein differ¬ 
ences are shown by slight differences in spectral absorption, by differences in 
oxygen affinity and in the effect of carbon dioxide on oxygen affinity, and by 
differences in amino acid composition. For example, the amount of methionine 
is higher in the hemoglobin of man, monkey, and cow than in that of dog and 
fox, and cystine is higher in the hemoglobin of man, monkey, dog, and fox 
than in that of the cow and horse, whereas the hemoglobin in all these species 
contains similar amounts of arginine, lysine, histidine, and tryptophane. 13 _ 
Absorption Bands. All hemin compounds show characteristic absorption 
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spectra; the mid-pints of some of these absorption hands are given in Tab] 
32. Reduced (deoxygenatud) hemoglobin has a broad band in the yellow 
green, whereas oxyhemoglobin has two principal bands, an alpha hand in the 
yellow, and a beta band in the green. Methemoglobin shows four character 
istie absorption bands, of which two are most prominent, a and j% and the 
bands of muscle hemoglobin are very dose to those of blood hemoglobin. T| le 
hemng ohms of different vertebrates show qualitatively the same absorption 
bands; however, it is possible to detect species differences by comparing the 
extinction coefficients for two maxima. 1 ™ Also, in the position of the alpha 
band of oxyhemoglobin there is a difference of as much as 3 l among several 
mammals, 


TABLE 51. 

DISSOCIATION (UNLOADING OF OXYGEN J RATES OF BLOOD PIGMENTS 
It/ j nt-Time in seconds for unloading 50 per cent of Gi. 


Animal 

Ii/» «u (sec.) 

Temp. *€ 

pH 


Hemoglobin 

Man 1 '" 

0.038 

22 

8,6 

« IN 

0.027 

27 

8.37 

Sheep 110 

0.028 

22 

8.6 

Frog 1 * 

0.02 


ft 

Lumbricus™ 

0.07 

23 

8.0 

Glycera 1 *" 

0.027 

28 

8.6 

Ascaris** 




(body fluid) 

220. 

16 

9.0 


150. 

20.5 

6.0 

(body wall) 

80. 

3 

6.0 


Hemocyanin 

Maja 118 

0.025 

22 

.. 

8.6 

Limuius 11 * 




(dialyzed) 

0.08 

22 

8.6 

(non-dialyzed) 

0.075 

22 

8.6 


Table 52 indicates also the absorption hands of hemoglobins (erythrocru- 
orins) in invertebrate animals. Usually there are two oxyhemoglobin bands 
(a and /}) and one deoxygenated band which are very similar to the bands of 
vertebrate hemoglobin, However, differences have been reported as in the 
location of the bands of carboxyhemoglobin in Arenicola and Cucumaria, and 
in some annelids and echinoderms the reduced pigment has two maxima. 
The striking similarity in different animals, however, indicates that the liemin 
of the body fluids is essentially similar. 

In all of the vertebrate hemoglobins and myoglobins the a band is higher 
than the /J band, whereas in the myoglobin of Busycon, of Ascaris, and of 
legume root nodules there is more absorption at the 0 than at the « wave 
length. The span between the « and /? bands for blood hemoglobins is 48-56 
for vertebrate and snail myoglobin 32-361, and for Gastrophilus hemoglobin 
95.5 a. 97 

Molecular Size, Measurements of the molecular weight made by diffusion 
methods agree well with weights calculated from sedimentation data obtained 
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TABLE 52. LOCATION OF ABSORPTION BANDS OF VARIOUS BLOOD 
PIGMENTS.BY THEIR MAXIMA IN MILL1MICRA 


Animal or 



Reduced 

Met- 

Carboxy- 

Tissue Tested 

Oxyhemoglobin 0 j 

Hemoglobin 0 

hemoglobin 0 

hemoglobin 0 


a 


a 

fi 


a 



Hemoglobins 

Vertebrates 








roan™' «.». ». • 

576.9 

544.8 

565 


630 

570,5 

535 

horse*’ ”»■ “ 
dog (Vlfes, in 

576.7 

543 

556 





KobayashP) 

578.3 

543.5 






guinea pig 05 

576.5 

539.5 






fowl* 

576.9 



■ 


571.8 


pigeon"' * 

576.3 





571 


lizard* 

576.2 





571.5 


tortoise* 

576.6 





571.7 


carp* 

Annelids 

576.2 





576.6 


Arenicola 100 ’ “• “’ 60 575 

540 

563 

550 


670 


Glycera 1 * 0 



570 

535 

640 

570 

535 

Lumbricus 1 " 

576 

544 



645 

570 

535 

Pheretima 100 

Sipunculids 

574 

538.1 

567 

549 




Urechis 1 ** 

Echinoderms 

577 

542 

552 

■ .. | 




Cucumaria 

frauenfeldi 8 *’ 100 ’ 

Cucumaria 

“ 579 

543 

558 



573 

535 



miniata 28 

580.5 

544.6 

562.2 

531.2 



Molpadia 100 

577 

541.5 

557 





Caudina Ch." 0 
Arthropods 

579.5 

544.2 

560 



572.7 


Chironomus* 

577.7 






Daphnia" 

Molluscs 

576.6 







Area 100 

578 

541.5 

556 



570.8 


Planorbis* 

Nematodes 

574.6 







Ascaris" 

578.4 

541.5 

__J 






Intracellular Hemoglobins, Myoglobin 

guinea pig" 

580 

541 






pigeon" 
horse heart® 

580 

582 

542 

555 


630 

500 


579 

540 

Busycon* 

576 

540 






Ascaris (hypodermal 

542.5 






cells)* 8 

Nippostrongylus 

579.8 







(hypodermal 

cells)** 

577.7 

540.5 






Gastrophilus 
(tracheal cells] 

) w 581 

545 

558 


637 

571.5 

540.5 


*or other pigment. 
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TABLE 52 (continued), LOCATION OF ABSORPTION BANDS OF VARIOUS 
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Animal or 
Tissue Tested 

Oxyhemoglobin** 

Reduced 

Hemoglobin** 

Met- 

hemoglobin* 

* 

, 62 

11 

S 


a 

0 

a 

ft 


a 

u 

Legume (root 
nodules)" 
Paramecium 1 * 0 

574 * 
581 

540 

545 

537 

555 


633 

574 

538 


1 Chlorocruorin 

Sabeila™' M 
Serpula® 
Spirographis“ 
Endistylia" 

604 

604 

604.8 

603.5 

558 

560 

554.5 

604 

610 

578.5 

570 

574 

540 

525 


601 

601.8 


! Hemerythrin 

lingula" 
Phascolosoma 1 * 
Sipumculus ,w ' 110 

470-520 

<395 

493 

500-570 

425-490 

<360 

noi 

>380 

ne 





Molpadin 


Molpadia® 

613 

569 

588 






Helicorubin 

snail bile 00 

562,5 

529.7 







Hemocyanin (diffuse absorption bands) 

Limulus 1111 

Homarus 110 

Eusycon 111 

Palinurus 11 * 

575-580 

570 

570 

558 

<450 
<450 
<450 
also in ult 

raviolet 






Cytochrome 


bee muscle 05 

604.6 

566.5 | 

550.2 

521.0 

m 






by Svedberg and his associates with the ultracentrifuge. 140 The sedimentation 
constant of the protein in cm,/sec,/dyne of centrifugal force gives a measure 
, molecular size. Sedimentation data for many hemoglobins are presented 
in Table 53, together with such molecular weights as were calculated by Sved¬ 
berg and Pedersen. The protein is similar in size in mammals, birds, and 
hshes; it is slightly larger in amphibia and reptiles; and it is reduced by one- 
half in cyclostomes, in which the hemoglobin molecule consists of two instead 
r o ,^ n *^ ose invertebrates in which the hemoglobin (erythrocruorin 
of Svedberg) is in solution in the plasma (except Chironomus ), the molecular 
weight is greater than 1,000,000, The large size tends to confine the molecules 
to the circulatory system, In all those invertebrates in which the hemoglobin 
occurs in cells, the molecular weight is less than that of vertebrate hemoglobin, 
Differences in molecular size are due to differences in the proteins and in the 
number of hemoglobin units per molecule. Svedberg 147 suggested that the 


TABLE 53. SEDIMENTATION RATE IN CM. x lO' 13 /SEC./DYNE REDUCED 
TO 20* IN WATER AS DETERMINED BY ULTRACENTRIFUGATION; 
CALCULATED MOLECULAR WEIGHTS AND ISOELECTRIC 
POINTS OF BLOOD PIGMENTS, 

Data from Svedberg and Pedersen 140 and others. 

Figures in parentheses represent secondary and lower sedimentation rates. 



Sedimentation Rate 
cm. X 10' u /sec./dyne 


Isoelectric 

Location 

Animal 

at 20° 

M.W. Calc. 

Point 

of Pigment 


Hemoglobins 

Mammals 




corpuscles 

rabbit 

4.4 


7.3 

horse 

4.41 

68,000 

6.92 


cow 

4.3 


7.22 


man 

4.48 


7.07 


Birds 




corpuscles 

hen 

4.2 


7.23 


pigeon 

4.4 


7,23 


crow 

4.4 




Fish 




corpuscles 

Salmo 

4,1 




Cyprinus 

4.4 


6,45 


Tautoga 

4.2 


7.45 


Opsanus 

4.3 




Gasterosteus 

4.5 




Raja 

Amphibians 

4.3 


7.4 

corpuscles 

Bufo viridis 

4.8 



Rana temporaria 

4,5 


7.0 


Salamandra 

Reptiles 

4.8 


corpuscles 

7.0 

Chrysemis 

4.5 



Lacerta 

4.6 


7.1 


Chamaeleon 

Cyclostomes 

4,6 

19,100 

5.6 

corpuscles 

Lampetra 

1.87 


Myxine 

2.3 

23,100 



Polychaetes 

Nereis 

58,6 


5.1 

4.56 

plasma 

Arenicola 

57.4 

3,000,000 


Pectinaria 

54 




Polymnia 

Glycera 

57 

3.5 

■■ 


corpuscles 

H 

Notomastus 

2,1 




Leeches 

Himdo 

58 


5,01 

plasma 

Oligochaetes 

Lumbricus 

60.9 

2,946,000 

5.28 

" 

Eisenia 

Crustacea 

63 

422,000 


H 

Daphnia 

16.3 



Athelques 

19.3 




Diptera 

Chironomus 
Gastrophilus 01,1 

' '2.0' • 

2,5 

31,400 

34,000 

5.4 

6.0 

H 

tracheal cells 
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TABLE 53 (continued). SEDIMENTATION BATE IN CM. x W/SEC./DYNE 
REDUCED TO 20° IN WATER AS DETERMINED BY ULTRACENTRI¬ 
FUGATION; CALCULATED MOLECULAR WEIGHTS AND 
ISOELECTRIC POINTS OF BLOOD PIGMENTS 


Data from Svedberg and Pedersen 1 * 9 and others. 

Figures in parentheses represent secondary and lower sedimentation rates. 


Animal 

Sedimentation Rate 
cm, X 10‘ u /sec./dyne 
at 20° 

M.W. Calc. 

Isoelectric 

Point 

Location 
of Pigment 

Gastropods 





Planorbis 

33.7 

1,539,000 

4.77 

plasma 

Lamellibranchs 





Area 

3.5 

33,600 

5.8 

corpuscles 

Holothuroidea 





Thyone 

2.6 



" 


Chlorocruorins 

Polychaetes 





Sabella 

53 

sev. million 


plasma 

Serpulid 

59 





Hemerythrin 

Sipunculids 




corpuscles 

Sipunculus 191 


66,000 

5.85 



Hemocyanins 

Amphineura 




plasma 

Tonicella 

61 




Gastropods 




plasma 

Paludina 

97 


4.71 


Buccinium undatum 

102.1 


4.61 


Busy.con canaliculatum 

130.4,101.7 


4.49 


Helix pomatia' 

98.9 (62) (16) 

6,680,000 

5.3, 5.0 


Helix arbustorum 

91.2(64.1) 




Helix nemoralis 

101 (65) 




Helix hortensis 

100(61.9) 




Limax maximus 

136 (97.3.) 




Littorina littorea 

99.7 


4.34 


Neptunea antiqua 

104 




Cephalopods 




plasma 

Loligo vulgaris 

56.7 




Rossia owenii 

56.2 

3,316,000 



Sepia officinalis 

55.9 (18.7) 




Octopus vulgaris 

49.3 

2,785,000 

4.7 


Eledone moschata 

49.1 

2,791,000 



Eledone cirrosa 

48 


4.6 


Arthropods 




plasma 

Limulus 

34.6 (56.6, 16.1,5.9) 

1,300,000 

6.4 


Euscorpionis 

34 




Crustacea 




plasma 

Pandalus 

17.4 

397,000 


■■■ v 

Palinurus m 

16.4 

447,000 

4.6 


Squilla 

24 




Homarus 

22.6 

803,000 

4.95 


Nephrops 

24,5 


4.64 
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TABLE 53 {continued). SEDIMENTATION RATE IN CM. x 10*/SEC /DYNE 
REDUCED TO 20 0 IN WATER AS DETERMINED BY ULTRACENTR1- 
FUGATION; CALCULATED MOLECULAR WEIGHTS AND 
ISOELECTRIC POINTS OF BLOOD PIGMENTS 

Data from Svedberg and Pedersen 1 * 0 and others. 

Figures in parentheses represent secondary and lower sedimentation rates. 


i Animal 

Sedimentation Rate 
cm. X 10" u /sec./dyne 
at 20° 

M.W. Calc, 

Isoelectric 

Point 

Location 
of Pigment 

Astacus 

23.3 (16.3) 


4.93 


! Maja 

27 




| Cancer 

23.6 (16.4) 




Carcinus 

23.3 (16,7) 


4.65 


| Calocaris 

34 





large molecules might be made of units each of a molecular weight of approxi- 
j mately 34,500. 

Table 53 also gives the isoelectric points of different hemoglobins as deter¬ 
mined cataphorically. 111 ' In general the invertebrate pigments (erythrocru- 
orins) have a lower isoelectric point than the vertebrate hemoglobins, 
f Summary, Hemoglobins are derived from widely distributed hemochromo- 

gens. The heme is similar in all of them except for slight differences in 
| absorption bands in certain worms and holothurians, Species differences in 

| the proteins are indicated by crystallographic properties (Ch, 4), solubilities, 

[ molecular size and isoelectric points. 

Chlorocmorin. Chlorocruorin, the green iron-containing blood pigment 
of the sabellid and serpulid worms, has a porphyrin which differs from heme. 
I Oxychlorocruorin of Spirographis , reduced chlorocruorin, and carboxychloro- 

cruorin show maximum absorption bands toward the red, compared with 
analogous hemoglobin bands (Table 52), 50 The iron content of Spirographis 
chlorocruorin is 1.27 per cent . 130 The amino acid composition of the protein 
|- is different from the composition in hemoglobins. 

In molecular size, as judged by sedimentation rate, chlorocruorin is similar 
|- to the hemoglobins carried in solution in plasma, with molecular weights of 
several million (Table 53 ). The affinity of chlorocruorin for carbon monoxide 
| (some 570 times that for oxygen) exceeds the CO affinity of any hemoglobin 

T tested . 82 As with hemoglobin, two atoms of oxygen combine per atom of 


I UUil. _ ■ , 1 

| Hemerythrin, Hemerythrin contains iron, but the pigment is not a porphy- 

| rin. The iron content of Sipunculus hemerythrin is 1.017 per cent . 130 Heme- 

I rythrin fails to show sharp absorption bands like those of hemoglobin and 

chlorocruorin, Roche prepared brown-violet crystals from Sipunculus nudus 
f hemerythrin which in oxy-form has an absorption peak at 493 m^ and absorbs 

: increasingly toward the shorter wave lengths (425 to 290 m,u). In Phascolo- 

soma there are broad, indefinite bands with maxima around 350 to 500 m/r 
1 in oxyhemerythrin and in the violet in reduced hemerythrin; different 

maxima were reported for Lingula, m It is probable, therefore, that the b^ 6 " 
i rythrins differ considerably among different species. Hemerythrin is simi ar 
in molecular weight to mammalian hemoglobin . 181 The isoelectric point 0 
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tabu• % auAuammms of woods tmrmmimio cyanin 
and wpphr ammr of sfawatph 

Cupper content in mg,/l(K) ee. of blond (data from Hhw, quoted by £kvhjem H ) m m\ 
citliptir it) purified lummy,min (data from limb am! Philippi, quoted by 
Itedfiekl iw ). a*»ti oxygen capucity (data from Bedfold* et al.), 



Cu in iliixal 
mg /106 tv. 

Cu in Hey, 

% 

Total O* 
cap,, vois % 

Cephalopoda 

Octopus Vulgaris 

23.528.5 

025 

3,1-4,5 

Loligo pealci 

23.7 

24.9 

0.26 

3.84.5 

Gastropods 

Helix pumatia 

Helix uspersa 

6.5-11.5 

0-24 

1.15 22 

Husy&m vanuliculatum 


0245 

i«4 

2 j:u 

Xipliusura 

limulus pulyphemus 

8,1 

0,173 

0.74*2.7 

Crustacea 

Antaeus fluviatilis 

Palinurus vulgaris 
■ Hqmarus vulgaris 

7,08,0 

9,5 

91 (1 

0.H8'" 

0,187 

2,4 

1.41.8 

4.H4"* 

Cancer pagurus 

56 


3.0* 

1.623 

Cardnus maenas 

Mnja squinado 

Squilla maniis 

9,0 

3,5 

6,1 


14*1.2 

.84*1.75 

Sea water 

Cu, mg./lOQ c*, 
0,00001 




y " rT '" » i' 1 ? * OJ * vne mtiiccuit* m oxygen combines with 
three atoms or iron in hemerythrih.* 1 

Hemocyanin. I fetnocyanin is a protein with a prosthetic group tmmiimn* 
•sulhiranclcoppa; the prosthetic group is probably in part a polypeptide. 1 ® 
i able 54 gives the copper content of several hemocyanin bloods and of purified 
hemocyanin. I he copper content of moiluscan hema-yanins is higher than 
hat of crustacean hemocyanin*.*«■ *» In general the copper content of the 
Wood, and hence Us hemocyanin content in such active animals as (team, 
heptff and Lohgo, is much higher than that of the more sluggish forms (Table 
Higher hemocyanin content is correlated with higher oxygen capacity. 
I he concentration of copper by hemocyanin-containing animals is remarkable, 
since ocean water contains only 10 milligrams per cubic meter« 

Une molecule of oxygen combines with a quantity of hemocyanin contain 

h v Jrmim ° ,5°^ * s ROrma ^ wpwwt but it can be oxidized 

by permanganate, and unlike methemoglobin, methemocyanin can still be 

S , -i yr’&S'Z* * USCd 10 drive off °» from h«*y»n«». * 

L d X w h Tttf 1 he CO a one-twentieth as W at 

with th" 1 It “ t v • 1C rfl , te ^“oo’ehnn of oxyhemocyaniti, comparal 

in Limuks (Tau“°” ° ° xyhm, * Win ’ is in M «>« ««• sl "“ 
Hetpocyanin does not show sharp absorption bands like those of hem. 
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glohin. hut rather absorbs broadly. It shows much colloidal .scattering (Tyndall 
elfcct), and when this is subtracted from the total absorption it is seen that ii 

maximum absorption lor several species lies between 550 and 600 mu. In 
addition thoie is absoiptiou in the ultraviolet which may be associated with the 1 

prosthetic group (sen Hedlield 1 " 1 for discussion). ’ || 

Measurements of the sedimentation constants made with the ultraccntrifuge | 

indicate that the tn< tlmile id hemocyanin may occur in several different sizes .** 1 | 

As shown in Table 53, two genera of the Malacostraca, Pimdalus and" Pal- I 

itwrus, have a sedimentation constant of 16, whereas two others, Nephrop i 

and llfmirus, have a sedimentation constant of 23; Astucus, Cancer, and , j 

Cmimts show tathnf these sedimentation constants; that is,’the molecules 
are of two aggregation sizes. The molecular weight corresponding to the 
sedimentation constant of 16 is 3ti(),(KK), and that corresponding to the constant 
of 23 (llmurm) is Ml),000. 1 fomntryunin from Limulus shows four sedimenta* i| 

lion constants, the principal one corresponding to a molecular weight of jj 

1,300,0011 In general, the sedimentation constants oi molluscan hemocyanins 
arc much higher than those of hemocyanins of arthropods. For example, the jj- 

molecular weight of lremtx yanin is 2,785,000 in Octopus, 3,316,000 in the jj 

squid, and 6,630,000 in a snail Hemocyanin, which always occurs If 

free in solution in the blood, has Hindi larger molecular weights than the pig- j j 

merits which are contained j» corpuscles, There is some evidence (sec Red* 
lidcl 1 "* h*r summary ) that the large molecules are aggregates of units each !| 

containing H atoms o! copper (4 oxygen equivalents), :i 

Many animals having lieimryanin its the blood pigment nevertheless.have If 

myoglobin in then mimics. The ndomophore retractor of Bus yam, for 
example, contains mote myoglobin than does dog heart muscle.® T 

Vanadium (.hrotnogens. Many ascidians are rich in a green pigment con* 
tainiiig vanadium, of which at least 80 jter cent.is in the blood,®"' ir,(l The 
vanadium content varies from (MM jh*t cent of the total dry weight in Cmu ||! 

intesimihs to 0,186 j«u cent in /Widhi nmituk This is a remarkably selective 11 

cunccntration of vanadium from mm water, which contains only 0,3 to 0,6 hi 

milligrams |«>t uthie meter, Wehld wl found that among the various families [f; 

and genera ul itM.uli.ms, vanadium is lacking in the more primitive Larvacea J» 

and Thaliaiea. it is present in the plasma of the Cinnidae and Diazonidac and if 

in special Itbxwl cells, vaiiadncytes, in several Families, including Ascidiidae . ) 

and iVnijiluuniae, and apparently the element has been lost in the higher 
groups, such as Styelrdar, Molgultdae, and Cllavelicinidae. If 

The van,«b vies are abut 8 miera in diameter and constitute 1.2 per cent jj. 

of the total blood volume or 60 per cent of the total blood cells in some || 

AsddiidaeT-* The vanadium is present in these cells as a .chromogen which | 

apparently consists of a chain of pyrrol rings; it is not a protein and it is not I f 

a porphyrin compound. The vanadium is kept in a reduced form by the ft 

presence nf a high concentration' of l l 2 SO*< Titration.'of the whole blood f 

showed a total acidity of 0,022 N and that of eytolyzed'corpuscles showed an if 

acidity of 1,83 N. nr -9 'per cent The oxidation potential of the |f 

vanadium chromogen is ton low for it to be of use physiologically in respiration, j 

Furthermore, various reducing agents ire not oxidized more rapidly by air | 

in the presence of vanadocytes than in their absence, Henze*® suggested that | 

the vanadium might be necessary for the synthesis of tunicin, the material of If 
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the test. However, Webb pointed out that some tunicates which lack vana¬ 
dium still produce tunicin. It appears certain that the vanadium in tunicate 
blood has no respiratory function. 

OXYGEN TRANSPORT BY BLOOD PIGMENTS 

Function of Hemoglobin ; 

Oxygen Capacity. The first requisite of an oxygen transporter is ability to 
combine with enough oxygen to supply the needs of the animal. The oxygen 
capacity is the measure of the amount of oxygen combined with blood or with 
blood cells when they are saturated. It is usually expressed as volumes per cent 
of oxygen in whole blood or cells, and is determined by measuring the amount 
of oxygen combined after the blood sample is saturated with air. In experi¬ 
mental equilibration of some blood cells, particularly of nucleated erythrocytes, I 
the amount of oxygen consumed by the cells is considerable and must be taken 
into account. The oxygen capacity depends largely on the amount of hemo¬ 
globin or other pigment in the blood or blood cells. 

Table 55 shows the oxygen capacity of the blood of a number of animals. 

The oxygen capacity, of the blood of mammals and birds is usually between 15 
and 20 volumes per cent. In some but not all of the diving mammals (seal, sea 
lion, porpoise), the cells have unusually high 0 2 capacity. Also the llama, even 
at sea level, has a high 0 2 capacity. Among cold-blooded vertebrates the 0 3 
capacities are lower, usually between 5 and 12 volumes per cent. In a few 
fishes which inhabit sluggish, acid ponds and can resort to air breathing (hassa 
and electric eel), uriusually high 0 2 capacities have been reported. 158 Among I 
the invertebrates the 0 2 capacity also corresponds to the amount of'respiratory 
pigment. Individual variation within a species is great. Where there is a . j 
significant amount of pigment, as in Arenicola, Vrechis, Spirographis, Cm- ! 
dina, Octopus , Loligo, and a few others, the oxygen capacity of the blood is | 
roughly ten times as much as it would be without the pigment. In many 
other animals the blood at equilibrium with air holds only about 0.5 to 2 i 
volumes per cent. Sea water dissolves 0.538 volumes per cent of oxygen at 20° ; 

when saturated with air. 76 

Oxygen Dissociation Curve. In no animal is the blood exposed directly to 
atmospheric tensions of oxygen (150 mm. Hg). Most respiratory pigments 
become saturated at much lower oxygen tensions. The most important differ- : 
ences among the hemoglobins of different animals are in the tensions at which 
they load and unload oxygen. These tensions determine the range of useful¬ 
ness of a particular pigment. 

In the lungs of man the blood is exposed to oxygen at a partial pressure of [; 
approximately 100 mm. Hg. When the blood leaves the lungs it carries 19 
volumes per cent of oxygen at 80 mm. Hg and 96 per cent of its hemoglobin 
is saturated. In the capillaries the blood passes through tissues where the 
oxygen pressure is low (5-30 mm. Hg). Here 25 to 30 per cent of the oxygen 
is unloaded, and venous blood returning to the heart carries 14 volumes per 
cent of oxygen at about 40 mm. Hg pressure. I 

The relation of the oxygen held by the hemoglobin and the partial pressure 
of oxygen is best seen by plotting the per cent saturation of the hemoglobin | 
against oxygen tension, the so-called oxygen dissociation curve. This curve is 
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TABLE 55. RESPIRATORY CHARACTERISTICS OF BLOOD 







Os Cap. 


COs Tension 




Vols. % 

Animal 

in mm. Hg, 

Temp. 

tl/a.mt 

Wt 

100 cc. 

100 cc. 


or pH 

OCO 

mm. Hg 

mm, Hg 

Blood 

Cells 

Mammals 







man' 1 - 17 ' 80 ' 7 ' 78 ’ 78 ' 88 
horse 88 
sheep 78 ’ 88 
rabbit 88 
dog*’ 78 

'■ 40 mm. CO a 

40 mm. COs 

pH 7.1 

38“ 

39“ 

37“ 

26 

37 

29.4 

89-90 

85-90 

20 

16.7 
15.9 
15.6 

21.8 

45.5 

41 

30.2 

32.7 

fox 88 

40 mm. COs 

37.5“ 

37 


21.7 

44 

mouse 1 ' 4 

40 mm. COs 

38“ 

72 


cat 71 

pH 6.8 


50 




marmot 18 

mink 88 

40 mm. COs 

38“ 

23.8 


23.9 


beaver" 





17.7 

40 

seal 88 

40 mm. COs 

38° 

31 


29.3 

61.3 

sea lion 80 

44 mm, CO# 

38" 

40 


19.8 

68.0 

porpoise 88 

46 mm. CO# 

38“ 

30 


20.7 

llama 78 

vicuna 18 

43 mm. CO# 

38“ 

22 


23.4 

17.5 


Birds 






pigeon 11 ”' 88 

40 mm. COs 

37.5“ 

35 

>90 

20 

40 

" n 

pH 7.1 

37.5“ 

40 

80 

pheasant* 

pH 7.1 

37,5“ 

50 

100 



duck"’ * 

pH 7,1 

37,5“ 

50 

90 

12.3 


duck 188 

40 mm. CO# 

37.5“ 

42 


17 


chicken 88 ' “ 7 

pH 7.1 

37.5“ 

50 

80 



31 mm. CO# 

38“ 

58 

90-100 

10.5 


goose"' 1117 

pH 7,1 

37,5“ 

45 

80 



" wa 

50 mm. COs 

42“ 

37,5 


19.8 


crow 1811 

40 mm. COs 

42° 

53 


17 

40 

sparrow 88 





14.5 

39 

Reptiles 




90 



Pseudemys concinna 

111 40 mm. CO# 

25“ 

19.5 

6.6-10.8 

50 

Pseudemys troostii 188 34 mm. CO# 

25“ 

26 

86 

6,7 


" elegans 1 * 27 mm. COs 

25“ 

28 

91 



" scripta 113 

pH 7.4 

25,5“ 

15.8 




Chrysemis picta 118 

pH 7.4 

25.5“ 

15 




Terrapene Carolina 1111 pH 7.4 

25.5“ 

12,0 

45 



Chelonis mydas 118 

pH 7.4 

25,5“ 

19 



Caretta caretta 118 
Chelydra 

pH 7.4 

25.5“ - 

28.5 




serpentina 118 ' 78 

pH 7.4 

25.5“ 

14 



29 

Crocodilus acutus 83 

pH 7,2 

29“ 

38 


8-10 

43 

alligator 111 

42 mm. CO, 

29“ 

28 

84 

6.7 


if at 





9.9-15.3 

83 

Heloderma 88 

37 mm. CO# 

20° 

31 

70 

7.6 



pH 7.32 






Amphibians 







Rana esculents 







(adult) 115 ' 111 

pH 7.3 

25“ 

27 

70 

9.8 

33 

it 180 




13.5-23 

Rana esculents 







(tadpole) 1 *' 1 * 

pH 7.38 

25“ 

7 

>38 

7.8 


Bufo 118 ' 114 


tt 

30 

>65 
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TABLE 55 f continued), RESPIRATORY CHARACTERISTICS OF BLOOD 







Oa Cap. 


COj Tension 




Vols. % 

Animal 

in mm. Hg, 

Temp. 

Wi Itt 

tut 

100 cc. 

100 cc. 


or pH 

C°c.) 

mm. Hg 

mm. Hg 

Blood 

Cells 

Desmognathus 114 ' 114 

n 

» 

5 

45 



Triturus“ s ’ 114 

w 

n 

7.5 

>42 



Cryptobranchus 112, “ 



18 

48 



Amphiuma 1U| l14 ' 148 
Fish 



15 

>51 

2.S-8.4 

25 

carp 18 

1-2 ipm. COs 

15° 

5 

17 

11.3 


catfish 18 

0-1 mm. COs 


1.4 

18 



bowfiri 18 

0-1 " 

" 

4 

19 



brook trout 87 

1-2 " 

" 

17 

15 



rainbow trout 87 

1-2 " 

" 

18 



common trout 101 

0-3 " 

" 

15 




sucker 18 

1-2 mm. COs 

15» 

12 

53 



Atl.sabonCF.W0 1 

1-2 " 

" 

19 



(Brackish) 

IS n n 

" 

23 




eel (S.W.) 101 ' 8 ‘* 

0.3 mm, C0 2 

17° 

4 

25 

10.2-15.6 

35 

paku M8 

0 mm. COs 

28° 

12 

70 

10.78 

baiara 188 

" 

" 

8 

10.22 


haimara 188 

" 

" 

8 


6.53 


bom-bom 168 

" 

" 

11 


10.6 


hassa 188 

" 

" 

20 


1818 


electric eel 168 


" 

12 


19.75 


tautog 188 

pH 7.38 

25° 

6.0 


9.32 


plaice 101 

0 

3 

3 

8 

16.5° 

12 



cod 101 ' 80 

<0.3 mm, COs 

14“ 

15 


6.5-7.8 


toadfish 138 

1. mm. COs 

20“ 

14 


.6,2 

32 

» w 

pH 7.38 

25“ 

3-4.4 


scup 73 ' 188 


" 

6.4 

80 

7.3 

23 

mackerel 199 - 

1 mm. COa 

20“ 

16 


15.77 

" 7! 

pH 7.38 

25“ 

18 

80 


sea robin 199 

1 mm. COa 

20“ 

16 


7.66 

32 

" » 78 

pH 7.38 

25“ 

21 


goosefish 199 




5.07 

33 

sting ray 119 

pH 7.4 

25“ 

13-15 


' bonnet nose shark 119 

" 

" 

7 




Raja 79 

pH 7.38 

25“ 

26 




n W 

Sand shark 118 

1 mm, COa 
pH 7,4 

25“ 

25° 

45 - 
7.6 

170 

4.2-5.7 

30 

Mustelus 78 

1 mm. CO 2 

25“ . 

7 






Hemoglobin 



Invertebrates 







Arenicola 9 

pH 7.3 


1.8 

7 

5.7-87 



0 mm. COs 

17“ 

1.8 


8.4-9.7 


Glycera 191 

Tubifex 00 

1% COs 

17“ 

2.6 




0 mm. COa 

17“ 

0,6 


2.6-3.0 


Planorbis 195 

0 mm. COa 

20“ 

. 7 

11 

0.9-1.5 


Cardita 191 

Pectunculus 191 

Daphnia 80 

0 mm. COa 

17“ 

17“ 

1.9 

31 

15-20 

( 

1.9-1.12 

1.7-1.12 


Ceriodaphnia 80 

0 mm. COa 

17“ 

0.8 
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TABLE 55 (continued). RESPIRATORY CHARACTERISTICS OF BLOOD 


!, Animal 

i 

i 

COs Tension 
in mm. Hg, 
or pH 

Temp. 

CC.) 

tl/a sat 

mm. Hg 

tint 

mm, Hg 

Oa Cap. 

Vols. % 

100 cc. 
Blood 

100 cc. 
Cells 

1 Chironomus 105 

« 

17“ 

0.2 


6 


3 • if 60 

tf 

ft 

0.6 




Gastrophilus” 


39“ 

4.9 




■i 



(concent.) 




\ 



0.02 




i-- 4 ' 



(dilute) 




{. Caudina 84 




<40 

6,1 


f Anadara 94 



10 

40 

5.1 


Nippostrongylus 98 


19“ 

<0.1 





Hemerythrin 

Urcchis 198 

8.6 mm. COs 

19“ 

12,3 

75-88 

2,7-7.2 

9.3-17 

Phascolosoma 49 


19“ 

8 




i;.' Sipimculus 4 ” 

,07-80mm.COs 

19“ 

8 

30 



b. 

Chlorocruorin 

Spirographis" 7 

?; 

pH 7.7 

20“ 

27 

40 

9,1 



Hemocyanin 


Sepia 1011 

2.3 mm. COs 

25“ 

14 

32 



Iuoligo 1 ** 

0 mm. COs 

23“ 

36 

94 

3.8-4.5 


Octopus’ 89 ' I81 ' • 

0,6 mm. CO* 

25“ 

3 

7 

3.9-5.0 


Busycon 1 * 1 

13.5 mm. COa 

23“ 

6 


2,1-3.3 


Helix (winter) 184 

pH 8,2 

20“ 

11 

42 

■ . ' 


(summer) 181 

Oram. COs 

20“ 

12 

40 

1.1-2.2 


Limulus 8 ** 

0 mm. COs 


11 

30-40 

.74-2,7 


" 181 

pH 7,7 


13 




r Palinurus 181 





1.43-1.48 


Maja 181 





.84-1.75 


Homarus 5 " 

pH 7,2 


90 

200 

3.0 


" 12 a, U 





1,9 


Callinectes 183 





1.29 


\ Cancer 188 

0 mm. COa 

23“ 

12 


1,4 


tf » 





1,6-23 


Astacus* 





2.4 



No Pigment 

Mytilus 10 ®' 4 





.318 


Asterias 10 "* 





.46 


fresh-water mussels 40 





.39 


honeybee larva 14 





,70 


1 Seawater 19 


25“ 



,49 



not usually a hyperbola as it would be if one molecule of O 2 always com¬ 
bined with a single hemoglobin molecule; actually the four atoms of iron in 
L hemoglobin may combine with four or with less than four molecules of oxygen. 

\ The sigmoid shape of the dissociation curve (Fig. 67) is due in part to the 
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variable number of iron units combining with oxygen, to the interaction be¬ 
tween groups, and in part to the effects on hemoglobin of other components of 
the blood such as the blood salts. Purified hemoglobin gives a more nearly 
hyperbolic oxygen dissociation curve than does hemoglobin in blood or in the 
presence of blood salts. The O 2 dissociation curve of muscle hemoglobin is 
more nearly hyperbolic than that of blood hemoglobin, and it lies to the left 
of the blood curve;-that is, myoglobin has a greater oxygen affinity than blood 
hemoglobin and can take oxygen from it. Dog myoglobin is only 40 per cent 
dissociated at 5 mm. of 0 2 ; the blood hemoglobin is 95 per cent dissociated 
at this tension. 81 Except at moments of stress, myoglobin remains saturated. 

The oxygen tension at which the pigment is 95 per cent or more saturated 
is called the loading tension Oi) or tension of saturation (t„ a ,); the oxygen 
tension at which the pigment is 50 per cent saturated, that is, when Hb equals 
Hb0 2 , is the unloading tension (t„) or tension of half saturation (tj/j Ht ). 



Fig. 67. Oxygen dissociation curves in per cent saturation of hemoglobin as a function 
of oxygen pressure in mm. Hg in a variety of animals. Data assembled by Redfield.” 1 


In Table 55 the ti/ 2 8B t and the t gat of a number of animals are compared 
under nearly physiological conditions. In Figure 67 are plotted oxygen dis¬ 
sociation curves of the blood of some animals (pigeon, crocodile) in which 
the affinity for oxygen is low, i.e., the ti/ 2 8at is high, and of other animals 
(Arenicola and eel) which have a great affinity for oxygen, i.e., the ti/ 2 0at 
and t sat are low. In Figure 68 similar curves are plotted, using the actual 
amount of oxygen combined in volumes per cent instead of per cent saturation 
as ordinate. From the data of Table 55 and of Figures 67 and 68, it is apparent 
that hemoglobins differ greatly in their oxygen affinity and in the amount of 
oxygen they can carry when saturated. Unloading tensions set the upper 
limit of tissue oxygen tension and the lower limit of environmental oxygen 
lor function of the hemoglobin. 

In the bird bloods which have been studied the affinity for 0 2 is less than in 
man, i.e., the ti/ 2 8a t and t 8 „t are higher, but the dissociation curves are 
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similar in shape. 33 ' 158 In a duck and pigeon the difference between the oxygen 
in arterial and venous blood shows a utilization of 60 per cent, compared with 
27 per cent in man. In the turtle 78 44 per cent and in the skate Raja 86 66 per 
cent of the oxygen is removed through the circulation. In a general way 
animals which make quick active movements (mouse, cat) have higher ten¬ 
sions of saturation and half-saturation with oxygen than animals which are 
slow and steady (dog). Also most cold-blooded aquatic animals have dissocia- 



Fig. 68. Oxygen dissociation curves in volumes per cent of oxygen combined as a 
function of partial pressure of oxygen in mm. Hg. (1) Arenicola 20°, pH 4.9; (2) 
mackerel 20*, 1 mm. COn; (3) man 38*, pH 7.4; (4) pigeon 42’, 40. ram. CO*; (5) 
Amphium 20*, 43 mm. CO*; (6) ray 10.4°, pH 7.8; (7) Sipunculus 19°, pH 7,7; (8) 
Cancer 23*, 1 mm. CO*; (9) Splrographis 20°, pH7.7. Data assembled by Florkin, w 
except data for Spirograpkis from Fox." 

don curves to the left of the curves of warm-blooded animals; that is, the 
affinity for oxygen of the hemoglobin of aquatic animals is greater. 

Effect of Carbon Dioxide. When carbon dioxide is added to mammalian 
blood, as it is in the capillaries, the affinity of the hemoglobin for oxygen is 
reduced and the dissociation curve moves to the right (the Bohr effect). At 
high C0 2 tensions, therefore, the oxygen tension at which hemoglobin becomes 
saturated with oxygen is higher than it is at low C0 2 tensions. In the tissues 
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at a given 0 2 tension addition of C0 2 facilitates unloading or reduction, while L 
in the lungs as C0 2 is given off the'.uptake of 0 2 (oxygenation) is facilitated. 

The effect of C0 2 can be duplicated by lowering the pH of the blood. Iu i 
Table 56 and in Figures 69,70, and 71, the effects of variations in C0 2 tension 
or in pH on the ti/ 2 sat of the bloods of several animals are compared. In 
aquatic animals (e.g., fish), the C0 2 effect on the dissociation curve is greater f 

than it is in terrestrial animals (particularly mammals). This is related to the * 



Fig. 69. Effect of pH on log ti/s »„ of tire blood of several animals. 

Data assembled by Redfield. 1 ” 

fact that the normal C0 2 tension in blood of aquatic animals is much lower. 
Also aquatic animals which live in stagnant water usually have hemoglobin 
which is less sensitive to C0 2 than is that of animals inhabiting fast-moving 
waters. 

, ®® ect temperature Changes. A rise in temperature also shifts the oxygen 
dissociation curve to the right. If the blood of a frog is warmed to 35° C. its 
0 2 dissociation curve is far to the right of man’s, whereas at 15° human blood 
remains saturated at low tensions, hence would be of little use as. a carrier. 
he !i m S atur £ e ® ect on tj / 2 in frog is about twice as great as it is in 
5 an ’ -P® , ta variations in temperature on t 1/2 nt are shown in 
igures 72,73, and 74. Both the C0 2 effect and the temperature effect are of 
considerable ecological importance. 

Effect of Altitude. At high altitudes the hemoglobin content and the red 
cell count mcrease^in man so that the oxygen capacity of the blood becomes 
elevated (Table 57), The tensions for half-saturation of the hemoglobin do 
not change significantly when measured at a constant pH in man acclimatized 
to high altitudes; 32 i.e., the nature of the hemoglobin is not altered, Physio- 
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logically, however, after acclimatization there is a fall in alkaline reserve or 
acid-binding material so that. CO* effects are more marked and the t in 8at of 
the hemoglobin may actually increase (up to about 14,000 ft. altitude)."" 

Table 57 also shows that the red cell count and hematocrit index of acclima¬ 
tized sheep and rabbits are elevated, but in the native llama and vicuna blood 
counts are not much different at sea level and in the mountains. 72 The oxygen 
dissociation curves of llama and vicuna lie to the left of those of their sea level 
relatives, and the bloods of the ostrich and huallata are also saturated at lower 
tensions than are the bloods of other birds. Hence these native species appear 
to have hemoglobin of high 0 2 affinity. Dogs reared at 14,890 feet altitude 
have 60 to 70 per cent more myoglobin in their muscles than do dogs at sea 
level, 35 although in dogs kept at 18,000 feet for 6 hours daily during several 
months the hematocrit index rose by 70 per cent, but the myoglobin was 
unchanged. 10 


TJgSAT. MM HG 



Fig. 70. Effects of €Ou on the On tension for half saturation of blood: • man, Bock, 
Field, and Adair 11 ; Q man, A seal, Irving et al“; X fox, Irving et al.“ 6 ; + goose, Wastl 
and Leiner. ,M 

Hemoglobin of Embryos. Barcroft and his associates 8 found that the oxygen 
dissociation curve of mammalian embryos is steeper than that of adults and 
lies to the left of the normal range. The maternal curve, on the other hand, 
lies to the right, an effect which is largely due to decreased blood pH (Fig. 75). 
The fetal hemoglobin differs from that of the adult in loading at lower oxygen 
tensions. 8,10 Thus fetal hemoglobin, which is made largely in liver, resembles 
the hemoglobin of aquatic animals more than does adult hemoglobin, which 
is made in marrow, The embryo is adapted by its low ti/ 2 sat to life at lower 
oxygen tensions. 

Similarly in incubating chickens the hemoglobin has a greater affinity for 
oxygen than it has in the hen. The dissociation curve moves to the right after 
hatching, and the tension for 50 per cent saturation rises, 60 Young birds are 
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more resistant to low oxygen than older birds because of the greater affinity 
for oxygen. 187 

The blood of the bullfrog tadpole becomes saturated with oxygen at lower 
tensions than does the blood of the adult frog; the tadpole dissociation curve 
also is more hyperbolic. Changes in pH alter the shape as well as the position 
of the dissociation curves of the blood of the frog and tadpole. u “ In the tad¬ 
pole the curve moves slightly to the left when pH is decreased, whereas in the 
adult the tensions of loading and unloading are raised as in other animals. 
Hemoglobin of terrapin embryos also has a higher Oj affinity, that is, a lower 
ti/ 2 Hli t than the hemoglobin of adults. 118 Hemoglobins of embryos in general 



Fig. 71, Effects of CO» on the Os tension for half saturation of blood. © alligator, Dili 
and Edwards*; 0 Rfl«« temporam, Ram esculents , Wulvekamp 1 *; A toatliish, f 
mackerel, Root 1 *®; * carp, Black and Irving'"; M bowfin, 0 sucker, t< brook trout, 
5 catfish, Black”; □ paku, Willmer.”* 

are, therefore, functional at lower oxygen tensions than are adult hemoglobins. 

Relation of Blood Pigments to Distribution of Amphibians and Fishes, 
Oxygen dissociation curves for a number of amphibia are shown in Figure 
76, Those genera which spend much of their time on land show oxygen 
dissociation curves to the right of the curves for aquatic forms; i.e,, the loading 
tensions are higher with greater availability of oxygen. The curve of Crypto- 
bronchus may represent a reversion from land to water. 114 Similarly, in a series 
of seven species of turtles, the terrestrial box turtle has the lowest oxygen 
affinity (ti /2 Bat =28.5 mm, Hg), whereas aquatic turtles have higher 0 2 
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TABLE 56. EFFECT OF CO, OR DECREASE IN pH ON THE 0, TENSION FOR 
HALF SATURATION OF BLOOD IN SEVERAL GROUPS OF ANIMALS 


Animal 

ti/a *a( at low 

CO* 

ti/» »t at high 
CO, 

Per cent 
increase in 

tl/l Mt 


10 mm. CO# 

40 ram. CO# 


Sear 

25 

31 

24 

Man 1 * 

15 

25 

66 

Fox"" 

21* 

37 

76 

Goose 1 "' 

24* 

35.7 

48 

Alligator* 

11 

28 

154 

Frog"* 

17 

49 

188 

' 

1-2 nun. CO# 

10 mm. CO, 


Rana csculenta”* 

11 

17 

54 

Catfish" 1 

1.4 

5 

256 

Bowfin" 1 

4 

9 

125 

Carp* 1 

5 

8 

60 

Sucker* 1 

12 

43 

258 

Toadfish 1 " 

14 

33 

135 

Mackerel”* 

16 

52 

225 

Rainbow trout” 

18 

35 

94 

Brown trout” 

17 

39 

129 

Brook trout” 

17 

42 

147 

Atl, salmon” (F.W.) 

19 

35 

84 


0 mm. CO, 

25 mm. CO, 


Paku”* (fast water) 

12 

55 

358 

Raiara”* (fast water) 

8 

22 

175 

Bom-bom"* (slow water) 

11 

13 

18 

Hassa'“ (slow water) 

11 

20 

73 

Electric eel”" (slow water) 

12 

18 

50 

Rami csculenta" 11 (adult) 
(tadpole) 

Toadfish” 

Scrip” 

Remora 11 

Mustelus” 

pH 7.38 

pH 6.8 


26 

7 

3-3.4 

6.4 

11 

7 

32 

5 

14 

39 

53 

12 



^Extrapolated values. 

affinities, the t }/2 ut for the loggerhead turtle being 12.0 mm. Hg (Table 

55). 118 , ,, 

lire properties of the respiratory pigments of fish are important in limiting 
their distribution. In Tables 55 and 56 are shown loading and unloading 
tensions (w and ti/ 2 *0 for several different species. Fish such as the trqut, 
which live in regions of high oxygen, require higher oxygen tensions for satura¬ 
tion than do such fish as the catfish and carp, whose hemoglobin loads and 
unloads at low oxygen tensions. Table 55 shows that the oxygen capacity of 
these different species is similar, despite marked differences in the position of 
their 0 8 dissociation curves. 18 

The effect of C0 3 in decreasing the affinity of hemoglobin for oxygen tends 
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to be greater in the fish which have high oxygen tensions of loading and 
unloading (Table 56, and Fig. 71). Krogh and Leitch 101 noted ii greater C0 2 
sensitivity in the fresh-water pike and carp than in the marine cod and plaice. 
The conclusion of more recent investigations 15, 73,133 is that differences in CO., 
sensitivity are not related to marine fresh-water habitat per se, but represent 
true hemoglobin differences of different species. The amount of oxygen which 
eah be taken up by a trout in the presence .of C0 2 is less than the amount 
Which can be taken up by a carp. The C0 2 tension to which gills of all fish 
are exposed is much lower than alveolar C0 2 , and the hemoglobin functions 
at lower C0 2 levels in fish than in terrestrial animals. A trout can be kept in 
a botde of water which contains ample oxygen, but as the CO» in the water 
increases, the fish is unable to use the oxygen. A catfish, on the other hand, 
Will endure tensions of C0 2 at 400-500 mm. Hg for long periods. Black found 

TABLE 57. RELATION BETWEEN ALTITUDE AND RED CELLS , 

0 , CAPACITY, AND y, FOR ACCLIMATIZED ANIMALS 
Data combined from Dill/ 1 ' Hall, Dill, and Barron,” Hall 71 
and Keys, Hall, and Barron"" 


sea level 
17,500 ft. 
residents 
transients 
sea level 
10,000 ft 
residents 
transients 
sea level 
9,240 ft. 
transients 
13,400 ft. 

transients 
17,500 ft. 

transients 
20,100 ft. 


Veils. % % BBC 

Blood Cells Cells 107mm. 11 

0 21.0 45.7 46 5.0 


pH 7.137.5" 



transients 




24.90 




Sheep 

sea level 

39.6 

40 mm, 

CO* 

15.9 

45.5 

35.3 

10.5 


10,000 ft. 

40.5 

34 mm. 

CO* 

18.7 

44.6 

41.5 

11.5 


15,420 ft. 

41.5 

37 mm. 

CO, 

18.9 

38.8 

50.2 

12.05 

Rabbit 

sea level 

31,6 

32.3 mm. C0 2 

15.6 

44.1 

35.4 

4.55 

Viscacha 

Vicuna 

17,500 ft, 

37.6 

21 mm. 

CO* 

22.1 

39.4 

57.0 

7.00 

12,000 ft. 
sea level 

26,3 

30 mm. 

CO, 

14.8 

17.5 

46.6 

57.1 

31.8 

30.5 

7.12 

14.9 


9,240 ft. 

19.5 

43 mm 

CO, 

17.0 

57.1 

29.8 

14.1 

Llama 

15,420 ft, 
sea level 

20.9 



18.2 

16.1 

58.5 

58.4 

31.9 

27.5 

16.6 

12.1 


sea level 

22 

43 mm. 

CO* 

23.5 

61.2 

38.6 

11.4 


9,240 ft. 

20 

38 mm. 

CO, 

17.1 

56.7 

28.2 

12.3 


15,420 ft. 

21.6 

34.5 mm. CO, 




Ostrich 

Huallata 

17,500 ft. 
12,000 ft. 
17,500 ft. 

26.6 

32.9 



14.9 

13.9 

23.6 

57.8 

41.2 

40.1 

25.8 

33.8 
59.1 

11 

2.18 

3.27 
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that addition of C0 2 to a closed vessel containing trout blood might cause the 
appearance of a bubble of oxygen. 81 When the C0 2 tension is increased from 
1 to 11 mm. the tj/ 2 8tt t of a brook trout rises by 30 mm., whereas in man an, 
increase of 10 mm. in C0 2 causes a rise in ti /2 of about 3.3 mm. A small 
increase in C0 2 may force fish with a low 0 2 affinity into water of very high 
oxygen, whereas in fish with low tensions of loading the C0 2 effect is less 
significant (Fig. 71, Table 56). Among fresh-water fish the ti/ 2 Sttt of the 
catfish, carp, and bowfin is not raised above 10 mm, 0 2 by 10 mm, C0 2 , 
whereas the ti/ 2 aa t of the sucker and of each of three species of trout is raised 
above 35 mm, 0 2 . Sensitive marine fish are toadfish, mackerel, and sea robin; 



TEMPERATURE °C 


Fig. 72. Effects of temperature on the O a tension for half saturation of blood. • man, 
Brown and Hill 81 ; O marmot, Enders 12 ; X goose, + pigeon, A duck, Wastl and 
Leiner. 15 * 

elasmobranchs are less affected by C0 2 , and for the skate (,Raja ocellata J the 
ti /2 sat is relatively constant over a wide range of C0 2 tensions. 3,1 ^ ^ 

The response of the 0 2 dissociation curve to C0 2 is similar, whether the 
red cells are intact or hemolyzed, in the trout, sea robin, and Atlantic sahnon. 
In other fish, such as the carp, sucker, tautog, and toadfish, the effect of C0 2 
is less on hemolyzed blood than on blood with the cells intact. Apparently 
the hemoglobin of the latter group of fish is made up of several oxygen-com¬ 
bining components which combine with different amounts of oxygen at a 
given tension while in the cells, 133 When the blood is hemolyzed the oxygen 
dissociation curve at a given C0 2 tension lies to the left of that of whole blood, 
Willmer 188 has studied the bloods of several fish in tropical South America. 
Those which live in active rivers have hemoglobin which is sensitive to C0 2 
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(Table 56). In one which is found near waterfalls (the paku), addition of 
25 mm. C0 2 decreased the oxygen saturation by 48 per cent; in three other 
river fish a similar amount of C0 2 reduced the oxygenation by about 25 per 
cent. In three species inhabiting sluggish marshy ponds, where the water pH 
varied from 3.8 to 5.0, the C0 2 effect was much less: 12-13 per cent reduction 
in saturation by 25 mm. C0 2 in two of them and only 7 per cent reduction in 
the electric eel. The ti/ 2 .at in these sluggish-water fish is similar to the ti/ 2 
„at in those from fast waters, but the blood of the former is tolerant of higher 
C0 2 in the water. 



10 20 30 a 40 so 

temperature: c 


Effecteof temperature on the Oj tension for half saturation of blood. • Helix. 
WoMamp and Kersten lw ; § aimks, V Loligo, Hedfield and Ingalls'"; A Phscolm- 
m, Florkm; + Urechis, Redfield and Horkin. ,s< 

, 801116 fish is also very sensitive to changes in temperature. A 

nse in temperature acts like C0 2 to lower the 0 2 affinity, Figure 74 shows 
that in the trout a rise in temperature of a few degrees raises the unloading 
tension significantly. In three different species of trout the t 1/2 Mt rises about 
1 mm. Hg of oxygen partial pressure per degree centigrade. At higher tempera¬ 
tures the amount of oxygen dissolved in water is also diminished, The effect 
of temperature on the availability of oxygen is undoubtedly a factor in the 
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distribution of fish. However, in goldfish the effect of C0 2 on 0 2 utilization 
decreases with rising temperature. 05 
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Fig. 74. Effects of temperature on the 0* tension for half saturation of blood of lower 
vertebrates, • frog, Macela and Seliskar 1 "; 0 skate, Dill et alX brook trout, A rain¬ 
bow trout, ,) brown trout, Irving, Black, and Safford"; = eel, Kawamoto"* 

It has been mentioned previously (Ch. 8) that during periods when the 
oxygen supply is low some fish may draw on the oxygen in their swim bladders. 
The oxygen content of swim bladders in physoclystous fish—those with closed 
bladders, such as sunfish, perch, bass and stickleback-is often higher than 
that of air. 1M - 188 The amount of oxygen secreted into the bladder is related 
to the C0 2 effect on the dissociation of fish hemoglobin. When C0 2 increases 
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in the blood, oxygen is forced out into the swim bladder and the fish may be 
asphyxiated. 

Hemoglobin Function in Invertebrates. The function of blood pigments 
is in doubt for many invertebrates. The following sorts of evidence are useful 
in judging whether a respiratory pigment functions in oxygen transport: (I) 
the position of the oxygen dissociation curve, i.e„ whether the pigment bads 
and unloads under physiological conditions at tensions corresponding to those 
at the respiratory surface and in the tissues; (2) the effect of CO*, i.e., whether 
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to make all of the aforementioned tests. Evidence is sufficient, however, to 
■show that in some lower’animals blood pigment functions in O a transport at 
all oxygen tensions as in the vertebrates, in some it functions in transport only 
at low tensions, in others it may be an oxygen store for use in periods of 
hypoxia, and in still others it has no function with respect to oxygen supply. 

InLumbricus, Chironomus, and Tuhifex carbon monoxide poisoning dem¬ 
onstrates the transport function of hemoglobin, In monoxide experiments it 
is important that the maintained combination of the hemoglobin with CO be 



Fig. 75. Oxygen dissociation curves of maternal and feta! Flood of goats. Data for 
goat pregnant 18 weeks, 2 days. Broken lines indicate limits of normal adults. From 
Batcroft et al. w 

the addition of CO* facilitates unloading of 0* at a given tension and, con¬ 
versely, whether loss of C0 3 aids the loading of 0 3 at respiratory tensions; (3) 
the oxygen capacity of the blood and the difference between the Oj combined 
and uncombined with pigment, as compared with the oxygen requirement of 
the animal; (4) differences in O a content in arterial and venous blood indi¬ 
cating utilization; (5) effect on oxygen consumption of the animal of poison¬ 
ing or of inactivating the pigment at different oxygen tensions. In invertebrate 
m which the function of blood pigments is uncertain it it sot always possible 
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Fig. 76. Oxygen dissociation curves of several species of amphibians. 

From McCutcheon and Hall. 114 

checked spectroscopically, and that the amounts of CO used be small enough 
that there is no interference with tissue respiration. In the earthworm, oxygen 
consumption has been measured in three investigations at different oxygen 
tensions in the presence and absence of carbon monoxide. One study*®* 
revealed no effect of CO on respiration. Another" showed little effect of CO 
in reducing the respiration down to an 0 3 tension of about 55 mm. (7.5 per 
cent Oj). but below that value there was some reduction in 0 2 consumption. 
In the most careful study, 00 saturation of the hemoglobin by CO was checked 
systematically and it was found that the respiration was reduced by CO at high 
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oxygen tensions but that the effect of CO disappeared in low oxygen ( big, 77). 
It was calculated" 0 that of the total oxygen used by the worm 23 per cent is 
carried by hemoglobin at 152 mm. Cm, 35 per cent at 76 mm. 0 2 , 40 per cent 
at 35 mm. On, 22 per cent at 19 mm. 0» and 0 jx*r cent at 8 mm. 0 2 , Dissocia¬ 
tion curves For earthworm hemoglobin are not available. 

In Nereis diversicolor inactivation of hemoglobin by CO reduces the oxygen 
consumption by approximately 50 per cent at high oxygen tensions (6-7 ml, 
Oa/L), and blocks all () 3 consumption at 3.3 ml, 0»/l. w Nereis divmkvkr, 


Fig. 77 Yin. 78 



. * * S * OmlH COKCINTCATIOH kt/ll 

Og IN CC/t 


Fig- 79 Pig, 80 

Fig. 77. Oxygen consumption by Lmbricus as a function of oxygen tension with 
and without carbon monoxide. From Johnson.* 1 

Fig. 78, Oxygen consumption hy Chimmtus m a function of oxygen tension 
in the presence and absence of CX). From Ewer.“ 


Fig. 79. Oxygen consumption by Tubtfex as a function erf oxygen tension in presence 
and absence of CO. Curve 3 is the difference between curve* 1 and 2. From IFauiend.* 


Fig. 80. Oxygen consumption by SabelU prvonia as a function of oxygen tension with 
the chlorocruorin: 0, unpoisoned and i, poisoned by CO. From Ewer and Rw* 


therefore, appears to be more dependent on its hemoglobin than is Lumbricus. 
Nereis diversicolor consumes approximately ten times as much oxygen as 
Lumbricus, under comparable conditions. 

Cltirommus larvae and tubificid worms can live at the bottom of ponds 
where the oxygen content approaches zero. Those species of Chironomus 
larvae which lack hemoglobin are not so resistant to low oxygen as those with 
hemoglobin. Using a micmspectrometric method for oxyhemoglobin deter¬ 
mination, Leitch 105 found that at 20° in the absence of C0 2 the blood of larvae 


of Chironomus sp. was half saturated at the exceedingly low oxygen tension 
of 0.17 mm. Mg. In the presence of 1 per cent CO, it was 38 per cent saturated 
at this tension. The very low t 1/2 H » t was confirmed (0.6 mm. Hg) by Fox 80 
with Chironomus riparus, although the decreased oxygen affinity with C0 2 
was not confirmed. The oxygen capacity of the blood is 6 volumes per cent, 
and the total combined oxygen could supply the needs of the larvae for only 
12 minutes; hence function as an oxygen store is .unimportant. 105 From the 
very low t irJ „ t it might he concluded that tissues could scarcely make use of 
oxygen delivered at such low tensions, However, the oxyhemoglobin bands 
disappear in vivo when the oxygen in the water corresponds to 13 mm 80 In 
Chironomus plwnosus the C) a consumption is normal in the presence of CO 
down to Oa tensions of approximately 75 mm. (3 cc. 0-./1.) but is inhibited 
below this level (Fig. 78).' H It was also indicated 75 - 152 that in payment of an 
oxygen debt after a period of anoxia the excess oxygen consumption in Ckirow- 
omus thummi is sensitive to CO in concentrations which poison the hemo¬ 
globin. Here, then, is evidence that the Chironomus hemoglobin unloads at 
oxygen tension of less than 1 mm. Hg (0.079 per cent atm., according to Fox 
80 ), and, at the other extreme, evidence that the hemoglobin functions in 
oxvgen transport at atmospheric tensions outside the animal. The unloading 
tension of blood in vitro cannot be used to determine the oxygen tension in 
the medium at which a pigment is functional. It appears certain that in chiton- 
omid larvae living in low oxygen the oxygen tension in the tissues is very Jow 
and that a steep oxygen gradient exists from water to tissues, lhe oxidative 
enzyme pattern in the tissues must differ from that in the vertebrates to make 
possible Functioning at partial oxygen pressures of 0.5 mm. Hg. in a chiron- 
omid Tuntytmus, which lives in lakes where the water is never more than 
half saturated with air, the hemoglobin functions in transport only it the 
dissolved oxygen is less than 25 per cent air saturation. ' . 

In Tubifex also the hemoglobin is half saturated at 0.6 nun, Hg, but m vm 
the bands disappear at oxygen concentrations near the limit of the Wmkler 
method of analysis (about 10 mm. Hg“). The oxygen consumption as 11 func¬ 
tion of O. concentration declines steeply below 1-1.5 cc. 0,/l (‘.-t>PP“™; 
matelv 37 mm.). In the presence of CO the resptanon is reduced by about 
one-third at higher oxygen tensions, proportionately less at* 
(Pi K 79), Two thirds of the normal oxygen requirement is supplied by oxygen 
uncombined in solution in the body fluid. As in Chironomus, the t,/e is 

far below the tension in water, where oxygen transport by hemoglobin 
important and the gradient from water to tissue is very steep. 

Some species of Daphnia contain hemoglobin in varyingi 
hemoglobin content of the blood increases when the oxyg n m fe «*» 
W Hiwwiwr. fhvhnia can swim actively when the 0 2 is so low that the 
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hemoglobin remains reduced or when i( is poisoned hy CO am! thv hemugluNa 
can hardly In* lunctionul." 1. 

Claims have Item made that in the snail Phwurbi* amt the lugumm Anwi- 
cola hemoglobin may function as an oxygen store in In* used only in times oi 
anoxic stress. In the absence of CO s the t|/ 2 »*, of IHmmhis blood j s higher 
than the t,/a Mt (A Chirmwins and luhifcx blond, 7,4 mm. at 2<t f " v * and 1.9 
mm. at 17°.“ Carbon dioxide decreases the affinity fur oxygen n } ., , <f : H.9 
nun. at 17" in 1 percent In vivo the oxyhemoglobin hands disapjjear 

at water oxygen of 25 mm. Mg."" but the blood remains saturated with oxygen, 
and skin breathing with the oxygen carried in solution in the hM jn,aides 
sufficient oxygen for the animal down to a tension of 7.7 jrr vent 0; C54 mm. 
Hg.), lor ' In the range 7.2 to 3 jx-r eent (>,. the snails f(«|iiniily eatite to the 
surface for lung breathing and the hemoglobin was not ♦otnplnely saturated, 
whereas below 3 jier cent they were at flit? mu hue entumuoudy. In the prrv 
face of CO below 3 per cent ()»the snails Ircanie very sluggish. and at 1 jnt 
cent On they floated outstretched on the water. Hence tin- use of the Umg 
and reduction of hemoglobin go together. From the data of oxygen capacity of 
the blood (2.4 times that which could b carried in xttltifiuu!. the hb«l vobtuw 
(0.5H cc./g. body wt,} and the oxygen consumption (MilU ec /g./hr.] 
Borden 18 estimated that the oxygen held hy hemoglobin would last J.H minutes 
of anoxia and Leiteli ,,, ‘ l estimated it would last 3 minutes Ii ijijmmis that the 
.storage function is negligible, that hemoglobin fumtiom i» oxygon transport, 
particularly at water oxygen ut 25 mm. and blow, ami that the tissue oxygen 
tension is not so low as in Chmmumm anti Tuhifex, 

In Armenia the hemoglobin is reduced at 1 3 mm, 1 Ig (I A min,"") and is 
completely saturated at 5 10 mm. ()•„*, I he oxygen cajistcny n nhnui one sixth 
that in nm" UT shifts the oxygen dissociation curve to the right" r, “ in the 
burrows ol Amiimlu the oxygen becomes depleted at low tide M " At such 
times the tension in the tissues must be much reduced. If the hemoglobin were 
to be completely reduced, enough oxygen would lie made available for 21 
minutes at the usual rate of 0 2 consumption. In nature fhr worms survive 
periods of about 3 hours when the oxygen in their tubes is negligible. The 
sttjte oi the hemoglobin in living worms is not known, hut the hemoglobin 
must unload oxygen to the tissues when their Oj tension is below 2 mm f{ 
the tension at the gills is greater, oxygen will be taken up. At low tensions the 
worms may well resort to anaerobic metabolism. In the absence of tatbm 
monoxide experiments and measurements of the saturation of hemoglobin in 
vivo, judgment must lit* withheld regarding the function of the pigment at 
high oxygen tensions, 

In ««dy of the worm Urechis fklfidd awl Fktrkin' 33 found oxvgen apa 
1?' S 7;2 . volumcs F ,r cm ^ different individuals, there was little 

e lect oi U), on the oxygen dissociation curve (Fig. 69). The hemoglobin 
showed an unloading tension of 12 mm. O a at 8.6 mm. a),. The worm lives 
m mud tubes in the intertidal zone, and at low ride the oxvgrn in the burrow 
is greatly reduced. Redfield and Florkin calculated tbit when the water 
reached an Q-. tension of 14 mm, the requirements of the animal could be met 
tor only about 15 minutes by the oxygen dissolved in the codomic fluid and 
m the water contained in the respiratory region of the gut, whereas the extra 
oxygen from the blood pigment would permit survival for a further 55 minutes 
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It is probable that this reserve is important at extreme low tide; this does not 
preclude the possibility that some of the hemoglobin molecules are alternately 
loaded and reduced as they move from the respiratory gut to body tissues. 

The intracellular hemoglobins of invertebrates may serve as oxygen reserves 
for times of stress, as in parasitic animals living in regions of low oxygen, for 
example the larva of Gastmphilm 1 ' 1 and Ascarisr* The dissociation curves of 
both of these arc well to the left, with tensions of half saturation about 0.1 mm. 
Fig partial pressure of oxygen. In Aswis the hemoglobin holds oxygen avidly, 
that is. unloads very slowly (Table 51), and when the worms are in anaerobic 
conditions the body wall pigment, hut not that in the perienteric fluid, can be 
seen to be deoxygenated, Similarly in the nematode Nippostrongylus, with a 
ti/j! mt of kiss than 0.1 mm. Hg, deoxygenation is seen in low oxygen, but the 
closely related Strongylm dies in low oxygen before the pigment is deoxygen- 
ated.* N 

It is apparent from the preceding examples that the hemoglobin-containing 
invertebrates have part of their oxygen needs supplied from the gas in solution 
in their blood. In Urechis, for example, the worm uses oxygen only to the 
equivalent of 1/60 of that held by its hemoglobin per hour. In monoxide- 
treated animals, usually less than half of the respiration is affected. If the 
oxygen tension to which hemoglobin is exposed is sufficiently low the pigment 
will unload oxygen. The reduced molecules may immediately thereafter 
become oxygenated, or they may wait for hours until oxygen is restored. Thus 
the question of store versus transport is resolved. In animals like Chironomus 
and Tuhifex, tissue oxygen is very low; in Planorbis and Daphnia it is higher.' 10 
In an animal like Urechis, with no circulatory system, some molecules will be 
reduced while others arc oxygenated, and they will be continuously mixed by 
the churning of body movements. The added survival time due to hemoglobin 
at oxygen tensions where saturation is no longer possible may be of marginal 
significance. A number of marine worms carry on an active life with no 
blood pigment whatever (Table 49). Some of them, like Qmtoptem, are 
mud dwellers; Daphnia continues active when its hemoglobin is poisoned. 
Some invertebrate hemoglobins appear to provide a safety factor of oxygen, 
and they function at low oxygen tensions; they may act across steep oxygen 
gradients. The observations on Chironomus and Tubifex show the futility of 
inferring function from saturation values of the pigment. Some parasitic 
species may unload their hemoglobin only under anoxic stress. 

Function of Hemerythrin 

The oxygen dissociation curves of hemeiythrins. although in the low 
oxygen tange, show tvalues which might be reached by the body 
tissues of sluggish worms (Table 55). A rise in temperature shafts the 0, 
dissociation curve of I'kscolosow to the right, but changes in pH do 
not have much effect on it* In Siptwfa.the t„, ...was 8 mm. Hg 
whether the CO, was 0.07 or 80 mm. Hg.“ The 0, tens™ found rn the 
coelomic fluid of SiptiKtita in sea water was 32 mm. Hg, at which tension 
its hemetythtin would remain saturated. The tissue tensions are not known. 
However, in the mud when the tide is out, Siptmctthis is exposed to very low 
oxygen tensions. At such times, like hemoglobin in Urechis and Armenia, 
the hemerythrin may give up its oxygen to the tissues, 
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Function of Chlorocruorin 

In a series of papers, Fox 58 ' 87 > 59 has reported studies of the function of 
chlorocruorin in the sabellid worms, particularly in Spirograpkis . The oxygen 
dissociation curve of this pigment is shifted to the right, with increase in 
acidity and with a rise in temperature, just as in vertebrate hemoglobin. 
The tx/fl ia t is sufficiently high (27 mm. Hg at pH 7.7 and 20°) that the 
pigment probably is deoxygenated in the tissues and oxygenated at the gills. 
The oxygen consumption is reduced by CO over a wide range of oxygen 
tensions (Fig. 80). 15 A variable fraction of the needed oxygen is supplied 
by the blood pigments, the remainder is carried in solution. Chlorocruorin 
is definitely an oxygen carrier functioning normally at high oxygen tensions. 

Function of Hemocyanin 

The blood pigment hemocyanin which occurs in many molluscs and arthro¬ 
pods can combine reversibly with oxygen. The higher the hemocyanin content 
of the blood as measured by the copper content, the greater the oxygen capacity 
(Table 54). The physiology and biochemistry of hemocyanin have been well 
summarized by Redfield. 121 

In the cephalopod molluscs it has long been known that hemocyanin func¬ 
tions as an oxygen carrier. 70 The blood of Octopus has an O a capacity of 4.2- 
5.0 volumes per cent, 181 and Redfield and Goodkind m found the blood of 
Loligo to have an oxygen capacity of 4.2 volumes per cent. Arterial blood taken 
from the heart of the squid contained on the average 4.27 volumes per cent 
of oxygen and 3.82 volumes per cent of C0 2 , whereas venous blood had 0.37 
volumes per cent of 0 2 and 8.27 volumes per cent of C0 2 . Thus approximately 
92 per cent of the oxygen was removed in the course of circulation, approxi¬ 
mately three times as much as in man. This high transfer of oxygen to the 
tissues fails to provide much reserve against hypoxic stress. Similar data on 
arterial blood in Octopus were obtained by Winterstein. 161 The color of the 
blood can be seen to change as it passes through the gills of a squid, so that the 
oxygenated blood is distinctly blue. In the cephalopods C0 2 and increased 
acidity shift the oxygen dissociation curve to the right as with hemoglobin 
(Fig. 81), 12 *- 18a A rise in temperature also raises the tensions of loading and 
unloading (Fig. 73). The effect of C0 2 upon dissociation of oxyhemocyanin 
accounts for about one third of the respiratory exchange in the squid. The 
W a °d ti/ 2 B at are in a reasonable range for physiological function (Table 
56), although they are sufficiently high to make the squid sensitive to asphyxi¬ 
ation. It is well established, then, that hemocyanin serves as an efficient 
oxygen carrier in the cephalopod molluscs. 

. h ffi e gastropods, crustaceans, and arachnoids, however, evidence for func¬ 
tion of hemocyanin as an oxygen carrier is less convincing. No specific inhibi¬ 
tor, as CO for hemoglobin, is known for hemocyanin. In Limulus the blood 
always appears reduced (colorless) when the animals are bled, and it contains 
only as much O a as sea water does. 2 When saturated with air the blood of 
Limulus, of several crabs, and of Helix takes up only about 2 to 4 times as 
much oxygen as sea water does (Table 56). The position of the oxygen dis¬ 
sociation curve of Helix and Limulus (h/j wt =6-12 mm. Hg) is within the 
usual physiological range, but the curve of Homarus blood is far to the right 
at blood pH (t 1/2 sat =90 mm. Hg). 
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absence. However, the blood must always lx* at a higher C() 3 tension than 
the water and the hemocyanin (Hey) could unload only if the tissue oxygen 
tensions are unusually low. 



OXYGEN PRESSURE 

f'ig. 82, Oxygen dissotimiitri mtm 4 l.mulm hfttmwimt «i tliSrrrnt hydomrn' 
inn umcentratiiim. rtmn itrdlieift and Ingalh w 



ts H H " 15 —li. 40 .V 

OXYGEN PRESSURE 


Fig. 83. Oxygen dhmktm curves 4 Limnhu hemocy*n«n at different 
enrn Bedficld sod InpHs,"’ 


tmperatum 


In Kusymn the arterial oxygen is at 36 ram. 11# and the venom at 6 mm. 

L« tU S 10 n l n8 “,“t “i,- l “ tlin8 “ tlw d 17 TO| ““ ! I*' 1 «“■ 

Bm™ 2°,^ ° thl * mm “ ™ “'“IWI.” Apparently in 

Bmycrn the tissue oxygen tension, are very low, and the hemoevinin urn 
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ports much of the oxygen, Direct measurements of oxygen tension and Hey 
saturation in blood entering and leaving the gills in limulus, Homarus and 
others would settle the question of whether Hcv functions in these animals as 
an oxygen carrier, 

A rise in temperature moves the oxygen dissociation curve to the right in 
those hemocyanins in which it has been examined 121 (Fig, 83). 

It must be concluded that convincing evidence that hemocyanin functions 
in oxygen transport is available only for the eephalopod molluscs and Busycon. 
However, measurements of per cent saturation of hemocyanin entering and 
leaving the gills of IJmulus and of similar animals have not been made. 

CARBON DIOXIDE TRANSPORT 

CO, Dissociation Curve, just as with oxygen, the amount qf carbon dioxide 
contained in body fluids greatly exceeds the amount in solution. The solubility 



COg tension 


Fig, 84. Carbon dioxide dissociation curves. Volumes per cent of COs as a function of 
CQa tension in mm, Hg. Data assembled by Redheld, 

of C0 3 in human blood is 48 volumes per cent at 760 mm, pressure and 37,5° 
the C0 2 tension in alveolar air is 40 mm„ hence the amount of C0 2 which 
might be dissolved in the blood is 2.5 volumes per cent. Actually arterial blood 
contains 45*50 volumes per cent. Similarly, sea water hw a solubility coeffi¬ 
cient at 24° of 071 volumes per cent of C0 2 and in equilibrium wither where 
the CQa partial pressure is 0.23 mm. Hg it would dissolve 0.02H volumes per 
cent; normally sea water contains about 4.8 volumes per cent of UU 2 . in 
difference between the CQ 2 dissolved and the C0 2 actually contained is 
due to the combination, largely as bicarbonate with cations, from various 
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buffers, For each fluid containing buffers a CO 2 dissociation curve can be 
constructed by equilibrating with a known C0 2 tension and measuring the 
volumes per cent taken up. Thus in the two examples above, in h uman 
blood 40-50 volumes per cent corresponds to 40 mm. C0 2 , whereas in sea 
water 4.8 volumes per cent corresponds to 0.23 mm. C 0 2 . Typical C 0 2 
dissociation curves are given in Figure 84. These indicate differences in the 
C0 2 -combining ability of different species. Aquatic animals with a very 

TABLE 58. CO, CONTENT OF DRAWN BLOOD IN VOLUMES PER CENT 
AND CORRESPONDING CO, TENSIONS. VALUES FOR SEA WATER 


Reptile 
alligator 8 * 
Amphibian 
Rana cate$biana“ 


tantog 1 ® 

scup™ 

sea robin 138 

toadfish 133 

goosefish 133 

puffer 133 

Raja ocellata 81 


Invertebrates 

Urechis 123 

Limulus 135 

Palinurus 833 

Astacus 883 

Planorbis 883 

Sepia 88 * 

Helix 333 

Anodonta 883 

echinoderms 88 * 

Seawater 73 


Type of Blood 

Vols. % 

(arterial) 

45-50 

(venous) 

50-53 

(arterial) 

38.6-44 

58.2 

(venous) 

70,1 

(venous) 

19,4-22,8 

( " ) 

36.3-47.8 



28.6-36.4 

(venous) 

(arterial) 

21.4 

9,5 

c * ) . 

6.5 

(venous) 

13.3 

c 


10.2 

) 

14.9 

(arterial) 

7.7 

(venous) 

10.8 

(arterial) 

6-12 

(venous) 

7-9 

10-20 

13-17 

25-35 

55-62 

11-14 

45-60 

29-31 

5-6 

4.8 


* coiz sssrr 

»(«. In Table 58 are giveAe 
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is high (40 mm. Hg in many mammals), whereas in the water to which the 
gills of aquatic animals are exposed it is low (0,23 mm, Hg in equilibrium with 
air). Actually, the corresponding blood C0 2 tensions vary nearly in proportion, 
so that in man there is a gradient of about 6 mm, between venous blood and 
alveolar air, whereas in fish (fresh-water , 411 marine 35 ) the C0 2 gradient be¬ 
tween venous blood and water is 4-9 mm. In mammals the difference between 
arterial and venous C0 2 indicates an unloading of about 10 per cent of the 
total in the lungs and loading of a similar amount in body tissues. The total 
C0 2 in the blood is less and the percentage that is gained and lost in tissues 
and gills is greater in aquatic vertebrates (Table 58) than in terrestrial verte¬ 
brates. 

Reactions to C0 2 in Mammalian Blood. The reactions in C0 2 transport 
in mammalian blood can be enumerated as follows: 

1 , C0 2 goes into solution in the blood, much of it diffusing into red cells, 
The C0 2 reacts with water in plasma and in red cells 

C0 2 -}-H 2 0 x— H 2 CO 3 


2 . This reaction occurs too slowly to provide for the known rate of loading 
in the tissues and unloading in the lungs; it is catalyzed by an enzyme, car¬ 
bonic anhydrase, which is present in red blood cells 

CO, + H,O c . artonicailh?dtas£ H.CO, 

3. Carbonic acid dissociates according to mass action; it is a weak acid with 
apKof 6.1 

h 2 co 3 ^h++hco 3 - 

The dissociation of HC0 3 ~ is negligible at blood pH. 

4. Some anions are provided by plasma buffers which take up excess H + , 
forming weak acids and leaving cations (B + ) to form salts with HC0 3 

bhco 3 +h+^h 2 co 3 +b+ 

B proteinate-j-H+^H proteinate-fB + 

5 . Some HCOr leaves the red cells in exchange for Cl" from NaCl of 
plasma, This provides Na+ to form NaHC0 3 and results in a shift of Cl~ 
from plasma to cells in the tissues and back out of the red cells in the lungs. 

Tissues Lun 8 s 
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6 . In the cells most buffering is provided by phosphate and hemoglobin 

K 2 HP0 4 +H+^±KH 2 P0 4 +K+ 

BHb+H+^tHHb-f-B+ 

7. Deoxygenated Hb is a weaker acid than oxy Hb; hence as 0 2 is given off 
in the tissues more cations (B + ) are freed, and in the lungs as C0 2 is lost the 
stronger oxy Hb attracts more base, thus freeing more C0 2 . 

8 . Some C0 2 (5-10 per cent of the total in the blood) combines reversibly 
with hemoglobin as a carbamino compound called carbhemoglobin. 



Fig. 85. Titration curves of bloods of man, Limulus, and Echinus. 
Data assembled by Barcroft, 7 

in Lower Vertebrates. Buffering capacity 
by the bicarbonates, phosphates, the plasma 
relative importance of each kind of buffer 


of vertebrate 
proteins, and 
varies among 


C0 2 Transport 
blood is provided 
hemoglobin. The 
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animal groups. The buffer value of the blood is given by the ratio BHCQ 3 , 

pH 

i.e., the change in pH with C0 2 . It can also be shown by a titration curve ol 
blood (Fig. 85). The buffering power of hemoglobin of different bloods is 
similar and the hemoglobin buffering is correlated with the oxygen capacity, 
In reptiles the C0 2 content of the blood is high, 2-3 titties that of mammals 
(Table 58), but most of it is carried in plasma as BHCOa . 33 ' 34 The buffering 
capacity of the trout and mackerel is high, whereas that of the carp, toadfish, 
and skate is low . 80 The buffer value of the serum proteins is greater per gm. of 
protein in the skate and crocodile than in mammals . 120 

There is much variability in the effect of oxygenation of hemoglobin on the 
CO-rcombining power. In man, at 40 mm. Hg of C0 2 , venous blood combines 
with 52 and arterial blood with 50 volumes per cent of C0 2 , In the crocodile 
the change in acid strength of hemoglobin when oxygenated is greater than it 
is in man . 33 In the skate, however, there is no difference between the C0 2 
dissociation curve of oxygenated and that of deoxygenated blood . 30 In the 
tautog oxygenation decreases the C0 2 -combining power at low COo tensions, 
but above 50 mm, the curves for oxygenated and for deoxygenated bloods are 
Similar. After hemolysis, however, the deoxygenated blood combines with ■ 
more C0 2 at all tensions , 130 In general, those animals in which C0 2 increases 
the oxygen affinity are the ones in which oxygenation decreases the C0 2 - 
binding power. These effects depend on protein differences which are not 
understood, 

Buffering in Invertebrates, AmOrlg invertebrates most of the buffering 
appears to reside in blood proteins, and the principal proteins are respiratory 
pigments, In llrechis, for example) the plasma of the coelomic fluid has 
practically no buffering capacity, but the corpuscles are capable of buffering to 
about the same degree as the corpuscles of a vertebrate of similar oxygen 
capacity , 123 The coelomic fluid of the sea urchin, which contains little protein, 
has very little buffering power 

Redfteld and his associates 123 have shown in a series of papers that in those 
bloods which contain hemocyanin most of the buffering is due to this pigment. 
In Limulus, for example, phosphates are negligible, but purified hemocyanin 
can bind l, 6 xl 0~ 3 mols of acid per gram of protein, and in the presence of 
blood salts hemocyanin can bind much more, This buffering capacity is similar 
to that of hemoglobin. The titration curve of hemocyanin in the presence of a 
salt mixture like the blood salts is essentially similar to the titration curve of 
serum of Limulus, m This titration curve shows the presence of several acid 
and base binding groups. In Helix the blood is less well buffered than in 
Limulus, but it is buffered better in summer than in the winter , 184 

In Helix, Octopus, and Homams oxygenated hemocyanin binds more CU 2 
than does deoxygenated hemocyanin, 

In animals with calcium-containing shells, some molluscs and crustaceans, 
an important source of buffer is the shell, This has been discussed in Chapter 3. 

Carbonic Anhydrase. Carbonic anhydrase is widely distributed m the 
animal kingdom, 41 ' s0 ' 51 - * 143 None has been found in the sponges, but 
some is present in coelenterates, particularly in the tentacles.^Carbomc^an- 
hydrase is found in coelomic fluid of Sipurwks and Arentcola but not m that 
of most other invertebrates . 81 A rich supply of this enzyme is present in the 
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gills of some polychaetes, where it may facilitate transfer of C0 4 ; 143 most 
molluscs show little in blood, although there is much in the gills of the squid 
and in gills and mantle of pelecypods. 94 

Among arthropods the gills of Limulus contain large amounts; those of 
Homarns and Libinia contain less, and the gills of Palinurus have none, 
Similarly, in several fishes, much carbonic anhydrase is found in the gills. In 
general it appears that carbonic anhydrase is most abundant in aquatic animals 
in gills, and in higher terrestrial forms in blood cells. Carbonic anhydrase is 
present in lower concentrations in other tissues. 

PIGMENTS AS BLOOD PROTEINS 

It was stated above that among some invertebrates function of the blood 
pigments in oxygen transport is doubtful, A universal function of these pig¬ 
ments, however, appears to be in buffering; they are particularly effective since 
each protein molecule may have several acid-binding groups. Another function 
is to provide blood colloid. 121 In animals with a heart, and particularly in those 
with both heart and exoskeleton, the hemolymph (blood) is under hydrostatic 
pressure, These animals would tend to lose fluid, even though at osmotic 
equilibrium with the sea, were it not for the proteins of their bloods. Their 
protein concentrations are considerable—often up to 5 per cent. Experiments 
correlating hydrostatic pressure with blood proteins in aquatic animals are 
needed. 

CONCLUSIONS 

Certain generalizations can be made regarding the blood pigments. Phylo- 
genetically blood pigments represent a labile set of characters. Chromogens 
composed of a protein with a prosthetic group containing a metal have appeared, 
many times. Hemochromogens, being universally distributed in aerobic cells, 
have been used independently by several groups of animals in blood pigments. 
The hemoglobins may show slight variations in their porphyrins and great 
variations in their proteins from species to species and at different stages in one 
species, The molecules of blood pigments differ in size, large ones being free 
in solution, smaller ones contained in corpuscles. They also differ in function. 

The functions of blood pigments in oxygen transport in the vertebrates are 
clear; among invertebrates, only in the cephalopod molluscs is the pigment, 
hemocyanin, as important in oxygen transport. In those others where at 
normal tensions the pigment carries oxygen, the pigment (chlorocruorin in 
the sabellids; hemoglobin in the earthworm, Nereis, and Tubifex; hemocyanin 
in Busycon) carries only a fraction of the oxygen required. In others the pig¬ 
ment (hemoglobin in Planorbis, Arenicola, Chironomus, Urechis, and Ascaris; 
hemerythrin in Sipunculus) functions to supply oxygen primarily at times of 
physiological stress due to hypoxia. In still others the pigment (hemocyanin in 
Limulus and crustaceans) seems to function principally as a buffer and pos¬ 
sibly in maintenance of colloid osmotic pressure. 

Ecologically, many animals are limited in their range by their blood pig¬ 
ments. Correlations between oxygen-combining power and amount of pigment 
occur, as in mammals at high altitudes, Striking adaptations with respect to 
the effects of C0 2 and temperature on 0 3 dissociation are found among fishes 
and in embryos, The decrease of oxygen affinity with added CO* is consider¬ 
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able in the squid and in fish from fast waters; it is less in fish from sluggish and 
acid water and in terrestrial animals. The C0 2 effect is reversed in some 
sluggish animals which have hemocyanin. 
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Temperature: Metabolic Aspects and Perception 


I INTRODUCTION 

8 emperature, perhaps more than other environmental factors, has 
1 multiple and diverse effects on living organisms. Temperature is 
P a measure of molecular agitation; it limits the rate of chemical 
reactions; hence it determines growth and metabolism in the widest sense. 
Temperature limits the survival and the distribution of animals on the earth. 
The cell temperature limits for active life are from about 0 to about +45° C., 
and many higher animals die within still narrower limits. 

Many animals respond to changes in environmental temperature by con¬ 
forming passively to the environment; these are the cold-blooded or poildlo- 
thermic animals. A poildlothermic animal can protect itself against unfavor¬ 
able temperatures by entering a protective state of dormancy or encystment, or 
by going to a region of more favorable temperature, Comparatively few ani¬ 
mals regulate their body temperature; these are the warm-blooded or homoio- 
thermic animals. Heterothermic animals are those with limited temperature 
regulation. Warm-blooded animals can react to temperature extremes by pro¬ 
tective behavior, and in addition they can alter heat loss by varying their 
insulation and can alter heat production by varying their metabolism. Sensory 
mechanisms signal the changes in temperature which evoke the various pro¬ 
tective responses, .. , . , i .i 

The temperature of. any metabolizing cell is necessarily higher than the 
temperature of its medium, because oxidation and glycolysis liberate heat. 
The temperature of an animal depends on the balance of those factors which 

tend to add heat and those which tend to subtract heat: 

Factors Which Cause Addition of Heat Factors Which Cause less of Heat 

oxidative and other metabolic radiation 

production of beat conduction and convection 

' ■ 

circulation of heat from interior to surface 

The measurement of temperature is so easy, by “ 

thermocouple, that the literature on temperature mtaons as vast, Vanous 
aspects have been summarized by numerous authors. 

thermal properties of water 

The temperature relations of animals to their environment are dosely 
conn«d 5 their water relations. He thermal proves of water are 
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important in determining the thermal properties of animals in relation to their 
environment. Animals are 70 to 90 per cent water. The heat conductivity of 
water is low, compared with that of many materials, being only 0.0014 cal./ 
cm./sec./ 0 C., compared with 0.9 for copper. The heat conductivity of water 
is higher than that .of other liquids, such as ethyl alcohol (0.00042) and olive 
oil (0.000395). The thermal conductivity of muscle is a little lower than 
that of water (0.001 cal./cm./sec./' 0 G), and the conductivity of fat is one- 
third less. Low heat conductivity results in slow warming or cooling of an 
aquatic medium, and in limited conduction of heat within an animal. Also, 
the specific heat of water is high, 1.0 cal./gm./ 0 C. at 0° C, compared with 
0.09 cal./gm,/ 0 C. for copper, 0.535 for ethyl alcohol, and 0.389 for benzene. 
Animal tissues, except compact bone, require 0.7 to 0.9 calories to raise the 
temperature of one gram of tissue one degree. Hence animals with much 
tissue mass are slow to warm or cool. Most transfer of heat in animals is by 
circulating body fluids, and a sluggish circulation makes for slow heat transfer. 

The normal vital temperature range is based on the thermal properties of 
water. Natural waters (hot springs excepted), because of their high specific 
heat and small heat conduction, rarely have a temperature above the upper 
limit for most aquatic animals—35-40° C. At the cold extreme, the freezing 
point of aquatic animals (except marine bony fish and brine shrimps) is 
normally similar to or lower than the freezing point of the medium (Ch. 2). 
Since ice has a lower specific gravity than water, aquatic animals do not freeze 
so long as they remain in water. The thermal properties of water make it an 
ideal solvent as a medium and as the principal cytoplasmic solvent. 70 

Terrestrial animals are subject to a much greater change of temperature than 
aquatic, but here too body temperature is closely related to water balance, 
Water has a high heat of fusion (79.7 cal./gm.), aqueous solutions supercool 
by several degrees, especially in capillary spaces, and bound water is resistant to 
freezing. Hence partially dehydrated animals can withstand temperatures well 
below the freezing point of water without their tissues becoming frozen. Jn 
high air temperatures animal body temperatures are limited by the high heat 
of vaporization of water (586 cal./gm. evaporated at 0°, compared with 55 
cal./gm. for CO 2 or 302 cal./gm. for ammonia). Thus water loss by vaporiza¬ 
tion has a marked cooling effect on any moist surface. An understanding of 
both water balance in animals and the thermal properties of water is essential 
to an understanding of the temperature relations of animals. 

TEMPERATURE CHARACTERISTICS 

Chemical reactions are accelerated as temperature rises: decrease in a 
reaction rate as temperature rises in the natural range does not occur in 
biological systems. To describe the magnitude of the temperature effect on a 
variety of processes several methods are in use. An approximation to describe 
the effect of a narrow specified temperature range is the Qi 0 , which is the 
factor by which a reaction velocity is increased for a rise in temperature of 10 
degrees. 

10 

Qio=(W 

where Ki and K 2 are velocity constants corresponding to temperatures and 
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t 2 , However, the velocity of enzymatic reactions is not a linear function of 
temperature, and the Q 10 diminishes at higher temperatures, 

A temperature characteristic with a sound theoretical basis is the Arrhenius 
p, If velocity constants Ki and K 2 (proportional to measured velocities) at 
absolute temperatures Ti and T 2 are known, the p is obtained from the 
following relation, where R is the gas constant 1.98 calories: 

Krf7e^(H) 

(See discussions by Barnes, 11 Hoagland, 87 and Sizer/ 59 ) Definite values of p 
characterize specific catalysts irrespective of the substrate. 84 When the Arrhen¬ 
ius p is calculated for a wide variety of biological reactions, certain values 
appear regularly, and there is reason to associate these with underlying chemi¬ 
cal reactions. 150 The velocity of all reactions in animals varies with the abso¬ 
lute temperature. Animals subject to extreme variations, and particularly to 
very low body temperatures, are limited metabolically, A frog swimming in ice 
water cannot possibly go faster than energy is made available in its muscles. 

LETHAL EFFECTS OF COOLING 

As the temperature of living cells goes down, many life processes become so 
slow as to be ineffective. Three low-temperature ranges may be considered: 
freezing temperatures, vitrifying temperatures, and lethal temperatures above 
freezing. Protoplasm as an aqueous solution freezes at a few degrees below zero, 
and freezing of a cell with resultant ice crystals kills. Resistance to freezing 
temperature is affected by several factors, the most important of which is water 
content and the state of contained .water; prior desiccation or large content ot 
bound water lowers the .lethal temperature. If cooling is slow many organisms 
become reorganized largely by dehydration and sometimes by acquiring a tough 
insulating coat. Some Protozoa encyst, and sponges form gemmules. Prolonged 
subcooling (cooling below freezing point without freezing) aho favors surviva 
in the freezing range. Capillarity and existence of body fluids in small spaces 
favors subcooling and in many insects the free body fluids diminish m win¬ 
ter 185 Whether or not an animal freezes at a given low temperature depends 
on the rate at which it is cooled and die length of time itis kept at theTow 
temperature. The grain wmdl Sprite — di« m 7 h u s a 
7 2° In 100 hours at -6.6°, and m 2.5 hours at -17.7 . (bee also the 
dimussion of supercooling in Wigglesworth.“) Insects collected^ wntet 
freeze at much lower temperatures than do summer specimens. The wmt 
animals are cold-hardened Blood of wood-boring larvae freezes at a higher 
temperature than do mme other dssues (-22°: fteezmg jM o iJtOM 
hardened oak borers), and death is associated with temgof rtta 
rather than of the blood. 184 Certain insects enter a state ot dormancy, a reor. 
ganized state in which the protoplasm does not freeze at mpet atim several 
deerees below zero (Table 59). Aquatic insects are not subject to 
bS zm V water content of terrestrial insects decreases while cold- 
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TABLE 59. LETHAL TEMPEHATWUiS Ob I'Olht! OtWHMH ■' ASl MM 5 


Animal 

Conditions 
or Source 

!.uw Lethal 
*('. 

Nigh L ethal 
% 

Aquatic poikiloihems 



'i% «& IX 3 » 1 Urn \ 

Amoeba proteus 188 




Paramecium caud, M 




coral (Porites) 1 * 0 

Florida 

15.4 

37.7 

" (Siderastraea) 1 * 1 

? 

4,5 


Cassiopea 1 * 0 

Tortuga* 

Halifax 


dtiA 2". 

Dahpnia™ 



35 (3 nitre i 

Calanus 118 

winter 




summer 


2*« 

Limulus 1 * 8 

Florida 


•in 


Wood* Hole 


41.41 

Pandalus 1 

Arctic 


ns “ 

mayfly nymphs 171 

stream 11.6* 


22 4 


stream 14.5* 


24 

trout (salvelinus) 81 



2UM ZHitriv mm) 

perch 75 



42 ( l lit ; 

bluegill 78 



44 3i 1 In < 

toad tadpole 75 



4? 4 i f lit.) 

N n 11 

reared at 15* 


40 3 •; 3 H> imn 


reared at 24 25* 


4,5.51.3 |U min) 

Terrestrial 




poiMothems (moist air) 




Lumbricus 118 



MS 

If 8T 

100% R.H. 


311(2 hr) 

Rana 87 



34 f ata 0 It I lit,) 

Bufo 87 



' ns 

Helix 87 




Anguis 87 

. 

! 

37,5: 

Terrestrial 




poikilothems (dry air) 




Pediculus 181 



MiS 11 fir) 

Lucilia 181 



4,3 Uhi ) 

Xenopsylla adult 1 * 1 



4145 1 hi.; 

" larvae 1 * 1 



34.5(1 hi. 

Musca (Niesshulz, in 



45 4h5 

Wigglesworth 17 *) 




Agriotes (wireworm)" 

larvae 

■3 

35 41, ■ 

Tenebrio m 

(less than 30 mg.) 



Musca 187 


•8 (20 mm.) 


Melanoplus adult 187 


8 (4ft hr) 

5h (10 itmt < 

* eggs 187 


30 (16 hr.) 

63) (JO mtre'5 

Blatta orientalis 187 


*5 (1 hr.) 


black roach 188 


0 

50 

Formica fusca (adult?) 18 


<0 

mn 

honeybee 81 


1-8 


field wasps 88 


0 


honeybee 88 


7 


tf m 


5.5 (2 days) 

46 48 ( 30 mm i 

Calliphora larvae 188 



40(1.25 ht.»( 




reared »(12* 




40(2.5 hr if 




reared at W) 
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TABLE 59 (continued). 

LETHAL TEMPERATURES OF P0IK1LQTHEMIC ANIMALS 


Animal 

Conditions 
or Source 

Low Lethal 
c C. 

High Lethal 
°C. 

Melolontha 187 
series of Coleoptera 


-12(1 hr.) 

35-45 (1 hr.) 

and Orthoptera* 1 

Palestine 


47 

Sitophilus oryzae 113 
Chuckwalla 18 
horned toad*" 

hardened? 

-17.7 (1.5 hr.) 

47 (convulsions) 
49 

10 species lizards" 8 

desert 


45.6 

several snakes 118 

turtles (Chrysemys ehelydia) 7 


0-0.2 

42 (12 hr.) 
39-41 (30 min.) 


hardiness is developing, 138 and much of the water is in a "bound” state; that 
is, it is held by protein and is not free solvent. There is no doubt that many 
insects freeze, in that they become solid in cold winter weather; whether the 
protoplasm of such cells as neurones contains ice crystals in insects with extra¬ 
cellular fluid frozen is not known but seems unlikely. There are numerous 
reports of revival of fish from a frozen state; however, the freezing must be 
fast and superficial; true body temperatures below —0.6 to —1° are probably 
not endured. 3 " The lower lethal temperature for fish varies within limits 
according to the temperature to which the fish have been acclimatized. Marine 
teleosts, which are hypotonic to the medium, and hence have a higher freezing 
point than sea water, must approach freezing in arctic waters. 

If the rate of cooling through the temperature range of freezing is rapid, 
about 100 degrees centigrade per second, ice crystals do not form and the 
organism is "vitrified.” 112 When vinegar nematodes (Anguilkla), slightly 
dehydrated, are placed directly into liquid air (-197° C.), they are solidified 
in an amorphous state; if they are then warmed rapidly by immersion in water 
or mercury at 30° they revive and are active, and many survive. 113 If freezing 
occurs, either by slow cooling or by slow warming from liquid air temperature 
through the freezing temperature range to above-freezing temperature, the 
animals are killed. Other organisms, including Protozoa and muscle cells, 
have been vitrified. The cause of death in freezing appears to be not cessa¬ 
tion of enzymatic reactions resulting from reduced thermal agitation, but 
rather disintegration of protoplasmic organization. 

Many animals which do not become dormant or encyst die at temperatures 
well above freezing (Table 59). Metabolism is greatly reduced, and they 
enter a chill coma in which survival time is limited. It is probable that proto¬ 
plasmic organization cannot be maintained without a certain rate of energy 
production from metabolism. Insects go into chill coma at a lower temperature 
if acclimatized to cold rather than warm air; Bhtta orientalis, for example, 
living at 14-17°, become inactive when cooled to 2.0° C., whereas cockroaches 
living at 36° show no activity below 9.5° C. 122 In birds and mammals, prob¬ 
ably also in large cold-blooded animals, circulatory sluggishness results in 
insufficient oxygen to essential organs, such as the brain, and progressive 
paralysis occurs. When heat loss exceeds heat production body temperature 
cannot be maintained. A cat loses consciousness at a body temperature of 
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25-27° C., but some reflexes remain at lower temperatures, and death results 
in a cat at 16° C. In a guinea pig death results at 14° C. 23 When men are 
immersed in water heat production fails to keep up with heat loss below a 
water temperature of 20° C. Death occurs after less than an hour’s duration 
of temperature of 26.5° C. (taken rectally). 12 ' 1 Similarly, dogs lose conscious¬ 
ness at a rectal temperature of 22.5-26° (cerebral 24.5-28° C.), 7 ‘* Hibernating 
mammals can survive lower body temperatures than non-hibernating animals 
(Table 59); hibernating bats die if vital organs are frozen, but opossums die 
at temperatures a few degrees above that causing freezing. The primary causes 
of death at low temperatures, but without freezing, are unknown. 

LETHAL EFFECTS OF ELEVATED TEMPERATURES 

The highest tolerable body temperature has been ascertained for many 
animals and some representative values are given in Table 59. Numerous 
mechanisms of heat death are suggested, and no one mechanism operates for 
all animals. 76 Heat may kill by enzyme inactivation. As temperature rise's, 
enzyme activity increases, and destruction of the enzyme is also accelerated; 
above a certain temperature, the enzyme is so rapidly destroyed that the net 
effect is reduced activity. 150 Many enzymes are inactivated above 35-45° G,, 
although higher temperatures are needed for protein denaturation. Heat may 
also kill by irreversible protein coagulation. Cellular lipids also change then- 
physical state at elevated temperatures. Blowfly larvae reared at 12-18° have 
a lower heat death temperature and have lipoids with more double bonds than 
have larvae reared at 30-36°, yet two species with the same kind of fat die at 
different temperatures; hence fat breakdown per se -can hardly be the cause 
of death. 68 Cell membranes at high temperatures become freely permeable. 
In higher animals the heated tissues may liberate toxins which cause damage 
at a distance. 77 An old theory, that at high temperatures the oxygen supply is 
inadequate, fails to hold for insects, 62 although in vertebrates the affinity of 
hemoglobin for oxygen decreases significantly at high temperatures. Whatever 
the mechanisms of heat death, they are certainly multiple and they are sub¬ 
ject to alteration, as judged by resistance to heat. 

The high temperature lethal for an animal depends on duration of exposure 
to the elevated temperature, and high lethal temperatures as in Table 59 are 
meaningful only if exposure times are given. Also, when the temperature is 
raised gradually the tolerance limits are higher than when it is raised rapidly. 
For exposures of 15 to 60 minutes (Table 59), there is a wide range of lethal 
temperatures. In general, the lethal temperatures of terrestrial animals, insects, 
reptiles, birds, and mammals, are high, around 45° C. The lethal temperatures 
for dwellers in moist air (earthworm, frog) are lower than for inhabitants of 
dry air. Aquatic animals die at lower temperatures, some of those normally 
living in cold waters dying of heat shock even below 30° C. The minimum 
lethal temperature depends, then, on the temperature at which an animal has 
been living and on the rate of change of temperature. 

ACCLIMATIZATION 

Temperature acclimatization occurs in nature and is of two kinds: (1) 
genetic, which operates by selection, and (2) physiological, in which individu¬ 


als alter their temperature resistance within genetic limitations. There are 
numerous examples of acclimatization to heat and to cold which may have a 
genetic basis. A frequently-cited but never-repeated experiment was conducted 
by Dallinger, 40 in' which by very gradual increases in temperature flagellate 
Protozoa were after seven years made to survive and reproduce at temperatures 
as high as 70° C., well above the temperature which was lethal at the begin¬ 
ning of the experiment. In hot springs chlorophyll-bearing algae are common 
at 60° C., and some non-green algae at 70°. 27 Rhizopods are reported from 



Fig. 86. Relation between acclimatization temperature and the temperature lethal for 
50 per cent of goldfish in 14 hours. Arrows indicate death of all of a group of fish. From 
Fry, Brett, and Clawson.” 4 


iatural waters at 54.5°, flagellates at 51°, and dilates at 46°. Brues found 
mmerous insects and some crustaceans and snails in hot springs at around 38 , 
Ihironowus larvae were thriving at 49-51° C. Fish rarely are found at tem- 
jeratures above 30°, but frog tadpoles have been collected from water at 40- 
H°. 27 These natural temperatures are well above lethal temperatures deter- 

nined on laboratory specimens reared at lower temperatures. 

Mayer 120 reports Aurelia from Halifax dying at 29-30°, those from Tor- 
ugas at 38.5°; also Limulus from Woods Hole dying at 41.0°, and those from 
outhem Florida at 46.2°. Mayfly nymphs from a 116° stream died at 224 , 
vhereas others of the same species from a 14.5 habitat died at 24.7 . 
Jpecimens of the prawn Pandalus from waters 5 to 7 C. at Knstineberg, 
; WP d Pn . could not be maintained in aquaria at temperatures above 11 L, 
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whereas prawns of Plymouth, England, from 15° water, survived well at 
temperatures up to 17°. 3i) Animals from cold waters have lower lethal lent 
peratures than those from warm waters, and for animals Irom a given region 
the temperature causing heat death is higher in summer than in wiiitei. 

Acclimatization of individuals (physiological acclimatization) also occurs 
Data for several species of fish reported by I lathaway 75 arc shown m I able 60, 
The effects of acclimatization on lethal temperatures of goldfish have ken 
well studied by Fry and his associates (Fig. 86).'" The upper lethal tempera- 




ture increased 1 degree centigrade for every l degree rise hi acdiitiaiization 
temperature up to 36.5° C>, when the high lethal was 41 Cthe lower lethal 
temperature decreased 2 degrees for every 3 degree fall in acclimatization tern* 
perature down to 17° C,, when the low lethal temperature was 0" C. Ap 
parently the mechanisms causing heat or cold death are labile, Seasonal diib r 
ences in lethal temperatures are largely due to acclimatization, but other 
factors, such as endocrine changes, cannot lx: disregarded. 

Some of the numerous alterations which might account for tenijH-rattnc 
acclimatization in cold-blooded animals are well discussed by Fox/' 7,5 * Animals 
from a cold environment show increased sensitivity to changes in lempeiatmc. 
The rate of pulsation in the dorsal blood vessel in Pmnm'is and of thr heart 
in several crustaceans from Plymouth, England, is higher at a. given tempera 
ture and increases faster with rising temperature than in animals from ‘1 amahs 
(Mediterranean), At a given temperature the oxygen consumption of mitmtl; 
from cold waters is higher than the oxygen consumption of the same Hjxsiev 
from warmer waters. For example, the prawn Pandulus matagui from Kris- 
tineberg (5°-7°) had a Qog nearly twice that of prawns from 15 water at 
Plymouth, when both were measured at 10.5“, 8# and river lampreys kept at 
3° consumed 50 per cent more oxygen than lampreys from 16 water, when 
both were measured at 16°. 138 However, at the temperatures at which they 
normally live, the metabolism of warm-water poikilotherms is higher than that 
of arctic species, yet breathing rates and heart rates are not proportionately 
higher; hence animals from warm water have more "non-activity” mtlalmltsm. 
Individuals of a poikilothermic species reared at low temperature are usually 
larger than individuals from warmer waters.*" Planaria tested at 30 for semi 
tivity to cyanide show greater sensitivity if reared at 20° than if reared at Mi , u 
Clones of Daphnia with distinctly different temperature optima have km 
segregated." 

Non-hibernating homoiotherms can also become acclimatized to temper mute 
extremes. The initial effect of temperature extremes in mammals is stimulation 
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of the stress-regulating mechanism of the adrenal cortex. Other endocrines, 
particularly the thyroid, may also he concerned in acclimatization. Rats ac¬ 
climatized to cold synthesize and store large quantities of ascorbic acid in 
various tissues, particularly in the adrenals, and guinea pigs are able to endure 
cold only if led massive amounts of ascorbic acid.' 17 Man shows temperature 
acclimatization, as when in a hot desert or tropics, but he cannot acclimatize 
to dehydration.' 1 Most arctic birds and mammals have more insulation than 
tropical ones, and individuals of the same species vary in fur coat according 
to the temperature at which they live; the fur is heavier on rats and dogs 
maintained at low temperatures than on those maintained at high temperatures. 

The metabolic changes occurring in acclimatization have not been identi- 
lied. 711 The melting point of fats deposited in animal bodies at high tempera¬ 
tures is higher than that of fats deposited at low temperatures. At low tem¬ 
peratures predominantly unsaturated fats are formed. Acclimatization may 
well he associated with lipid changes. Older suggestions of differences in 
water content seem not to hold. There may also be changes in the temperature 
response, of certain enzymes. The inactivation temperature for amylases, 
pepsin, and trypsin from fish is lower than for the same enzymes from mam- 
mals. 83 - m The oxygen consumption (at a given temperature) of brain tissue 
from a polar cod is higher than that of brain tissue from a black bass, and 
below 10“ changes in temperature alter respiration of the bass brain more than 
they do that of the polar cod brain. 38 Examination of optimal (critical) 
temperatures and of temperature characteristics for a variety of enzymes from 
organisms acclimatized to high or low. temperatures might indicate changes in 
critical enzyme proteins. 

TEMPERATURE RELATIONS IN POIKILOTHERMIC ANIMALS 

In poikilothermic animals the factors favoring loss of heat tend to equal 
the factors producing body heat, and the body temperature approaches en¬ 
vironmental temperature. However, small thermal gradients exist from regions 
of active oxidative metabolism toward the body surface, and mean body tem¬ 
perature fluctuates with muscular activity. The temperature relations of 
poikilothermic animals are different according to whether they live in water, 
in moist air, or in dry air. In water the heat loss is by conduction and con¬ 
vection; in moist air the evaporative loss is less than in dry air. Water tempera¬ 
tures arc more constant than air temperatures; hence aquatic animals are less 
subject to rapid gain or loss of heat. 

Aquatic Poikilotherms; Body Temperature . Aquatic poikilotherms to low 
changes in environmental temperature rapidly and precisely. Loss of hear 
cannot occur by vaporization (except in air breathers), and m most aq 6c 
animals thin: are no mechanisms far actively reducing the heat loss which 
normally occurs by conduction and convection. Some older measurements of 
liodv temperature of aquatic animals indicate values higher than the environ¬ 
mental n'npcrautre, bit more recent data show complete conformance w th 
the environmental temperature.® 1 Certainly in sma 1 aquatic animals heat 
conduction is rapid, metabolic rate low and mean Irody lempurntutc hesam 
as water temperature. In larger animals, such as large fish, it is probable that 
during active swimming the temperature of the muscles may be appeaaHy 
higher than the skin temperature. The metabolism of several spec.es of fash 
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at 16,6° averaged only 3.3 per cent of mammalian heat production. 150 Turtles 
in water are at the same temperature as the water (data from Baldwin 7 
excepted), and an intact turtle cools or warms faster than a pithed one, 
because of distribution of heat by the blood. 138 Frogs have less mass than 
turtles, and, when dead, frogs cool or warm faster than when alive. 

Thermal Reception and Orientation . Aquatic poikilotherms cannot freeze 
so long as they remain in water. However, certain temperature ranges appear 
to be most favorable for their growth and maintenance, and in a temperature 
gradient they tend to select or aggregate in a temperature range which is 
“optimal'' or nearly “optimal.’’ A behavior response implies that the organism 
senses an environmental difference and that some sort of orientation occurs. 
The character of the taxic responses (orientation) to thermal stimuli has been 
discussed by von Buddenbrock 20 and by Fraenkel and Gunn." 1 

The classic experiments of Jennings" 1 showed that ciliate protozoans tend 
to aggregate in a region of thermal neutrality, avoiding extremes of add and 
heat. When a ciliate enters a region above or below thermal neutrality, it 
backs and turns until it arrives in the “preferred" range, where specimens tend 
to collect. This is well shown by hypotriclis such as Oxytricha, which give u 
characteristic "shock” reaction when stimulated. There is no direct orientation, 
but rather selection by trial and error. 

Leeches which normally suck warm blood (Hirudo medicindis) are jwsitivu 
to warm objects, responding to differences of 3 degrees above the surface water 
temperature; all other leeches fail to show this temperature response. 8 

Water temperature is important in determining the distribution of many 
fish, although it is often difficult to decide between temperature per sc and 
oxygen and C0 2 content as being crucial in natural waters. In a gradient 
tank many fish, by a combination .of locomotor variables, tend to aggregate. 
Herring are said to show good aggregation reactions in water temperature 
gradients of 0.5° C, and to be able to detect gradients as small as 0.2“ C. IW 
The temperature selected depends on the acclimatization temperature and dm 
rate of transfer from one temperature to another or the rate of rise or fall of 
temperature, and it is not necessarily the same as the "normal" temperature, 
hence the term "optimal temperature" has little meaning in gradient behavior. 
This is well shown by the following data 45 for the fish Girella: 

Acclimatization Selected 

Temperature Temperature 

10° C. 18° C. 

20 23.6 

30 24.3 

Several kinds of temperature reaction and diverse receptors sensitive to 
temperature have been described in fish. When the temperature of any of 
several kinds of fish is raised rapidly to some specific value (27.6° for catfish, 
26.7° for Fundulus), a sudden flutter-type reaction occurs; this reaction is suit) 
not to occur if the lateral line nerves are cut. 14 " The "spontaneous” activity 
of the neuromasts in the lateral line organ increases very much with rising 
temperature; hence the fish brain must receive lateral line impulses correspond¬ 
ing to temperature. 85 In elasmobranchs there are large sensory bulbs on the 
surface of the head, the ampullae of Lorenzini, which have much in common 
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with lateral line neuromasts. They show autonomous rhythmic activity which 
initially increases on cooling and decreases on warming. 158 They respond to 
a difference of half a degree in the range of 10 to 15°; after the initial response 
to cold or warmth they adapt, and the equilibrium level of activity varies 
directly with temperature. The role in behavior of the lateral line responses in 
bony fish and the ampullar response in elasmobranchs is not clear, 

When warm or cold water is squirted against the flank of a bony fish the tail 
fin gives a characteristic turning response. This stops after the spinal cord has 
been transected between the region of stimulus and response but not after 
the lateral line nerve has been cut, 42 Hence the sense organs must be in the 
skin. Impulses have not been recorded in spinal nerves in response to thermal 
cutaneous stimulation, 85 but they may well be in such small fibers that asyn¬ 
chronous spikes would be below the sensitivity of an amplifier. Fish of several 
sorts were trained to give a feeding reaction to warming, and this response 
persisted after cutting of the lateral line nerves. 42 It is probable that assump¬ 
tion of a position in a temperature gradient is also dependent on cutaneous 
thermal receptors. Such receptors have not been localized in fish. 

By a combination of temperature receptors, partly lateral line organs, am¬ 
pullae of Lorenzini, but principally cutaneous thermal receptors, fish are 
stimulated by heat and cold to selective orientation reactions. Whether there 
are any vasomotor reactions as well is not known, 

Poikilotherms Inhabiting Moist Air. Body Temperature . In air, loss of heat 
by conduction is less important thap in water, but loss by radiation and con¬ 
vection and loss by vaporization of water are more important. For each gram 
of water evaporated (at 33°) 580 gram calories of heat are absorbed by the 
water, and the surface is thereby cooled. In sunlight, absorption of radiant heat 
from the sun may he important, but this warming mechanism is seldom of 
significance under water. , 

Cooling by vaporization depends on the vapor tension and air currents m 
the vicinity of the organism. The temperature of a slug or of an extended 
Helix , for example, is well below that of the surrounding air as measured by 
a dry-bulb thermometer unless the air is fully saturated. However, if the air 
temperature is measured with a wet-bulb thermometer, the slug is at the air 
temperature. When Helix withdraws into its shell it is protected ^against 
evaporation. 87 The temperature of an earthworm in dry air soon diverges 
above the wet-bulb temperature, owing to rapid surface drying, 87 but in water 
the temperature in the intestine rapidly adjusts to the environmental tempera¬ 
ture. 102 - 147 It is difficult to compare body temperature with air temper ure. 
Few animals have continuous surface evaporation, as from a wet-bulb her- 
mometer, yet all have some evaporation. Hence, where there« » 
temperature regulation, the body temperature must he lower te a dry-bulb 
and may be higher than a wet-bulb temperature. Active physiological i «g*j 
, ion cank demonstrated only if physical rfngby 

balance 2 - 3 - 103 - 123 Frogs lose water in proportion to the relative humidity, 
hut they are unable to absorb water even from saturated ait, because 
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metabolic heat results in some evaporation. Visceral temperature is never as 
much as 0.1° C. above surface temperature; it approaches wet-bulb tempera 
ture (Fig. 87). In unsaturated air the evaporative heat loss exceeds the metab¬ 
olic heat gain, and the body is cooled (Fig. 87). In Bufo at 27,6° C. ami 
relative humidity (R.H.) of 82 per cent, the body temperature was 26,5°; at 



the same temperature, with relative humidity of 27 per cent, the body tempera¬ 
ture was 17.5 0 . 123 In dry air so much heat is lost by vaporization that heat can 
be gained from the air by conduction. 11 The metabolism of an amphibian 
calculated for 37° is only one-fifth that of a mammal (mouse) of comparable 
size. 16 At 20° a frog produced C0 2 equivalent to 6 cal./hr. but hourly lost 


3.2 gm. of water, which absorbed 2000 cal. 123 Heat loss by conduction and 
radiation is low, compared with loss by vaporization. Aquatic amphibia are 
at the same temperature as the water; in air they approach wet-bulb tempera¬ 
ture, heat loss by vaporization always exceeding heat production. 

Themoreceptian. The skin of the frog contains receptors for both heat and 
cold, spinal reflexes being elicited when the heat receptors are stimulated at 
39 to 43° and the cold receptors at 10°. 126 These receptors are clearly distinct 



Relative humidity 

Fig. 88. The highest temperature at which the insects stated can 

of 1 hour under conditions of controlled atmospheric humidity. From Mellanby. 

from touch and pressure receptors, and are probably distinct from pain recep¬ 
tors, although the impulses from both thermal and pam receptors, probably 

tra poikUotherim fn Dry Air. Insects and reptiles are poikilotherms which 

wide variability withr^t to 

1« of hea. by vajortoion and atopta 
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the desert locust Schistocerca, 21 and the grasshopper Gastrmargus m ) show 
body temperatures lower than air in warm dry air, but in warm moist air they 
show temperatures higher than air. At low temperatures differences in humidi¬ 
ty have little effect, and the body temperature may be slightly above the air 



RELATIVE HUMIDITY 


Fig. 89. The highest temperatures at which insects can survive exposures for 24 hours, 
under conditions of controlled atmospheric humidity. From Mellanby,** 1 

temperature (dry-bulb), Some insects are hygroscopic, that is, gain weight in 
a high humidity; under such conditions body temperature must rise above 
air temperature. In the roach, evaporation increases at temperatures above 30° 
because of increased permeability of the waxy layers pf the cuticle (see Chapter 
2), Most water loss is by way of the spiracles, and death in warm dry air may 


result from desiccation. The degree of temperature which was lethal within 
one hour was not affected by humidity for a series of small insects, Specimens 
of T enebrio larger than 100 mg. survived better in dry air than specimens 
smaller than 30 mg. (Fig. 88). However, for heat death in 24 hours, tempera¬ 
tures effective against those species which lack mechanisms for water retention 
were much lower in dry air than in moist air (Fig. 89). 121 For example, the 
louse Pediculus survived 24 hours at 38° at 90 per cent relative humidity, but 
died at 33° at 0 per cent humidity. The results indicate that the primary cause 
of death was dehydration and not high temperature per se. The cooling effect 
of evaporation in dry warm air is entirely passive and occurs in dead insects. 
A balance sheet of heat relations of a live grasshopper 104 shows that essentially 
no heat is lost by radiation and conduction at low humidities, and that at 90 
per cent humidity loss of heat by vaporization still exceeds loss by other 
channels. The presence of cuticular wax and spiracular closing favors water 
retention but decreases cooling. 



TIME (minutcs) 




*ct heat of metabolism is considertblv especially to 
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the optimal temperature for brood development is high. The optimum for 
ants (Formica rufa) covers a range of 23 to 29°; the optimum for Vespa is 30 
to 32°, whereas for honeybees the brood optimum is 34,5-35°, and brood 
survival is limited to the range of 32 to 36°. 21, m In the summer when the air 
temperature rises above the optimum for the brood, the bee workers frequently 
transport water into the nest, and aid evaporation by fanning. Ants transport 
brood to cooler chambers in the nest, By these means the brood temperatures 
are kept lower than the air temperatures, 

In winter most colonial Hymenoptera cluster together, and the temperature 
of the cluster may be kept well above the air temperature (Fig. 91). If the 
temperature falls to 8-10° C, bees show great uneasiness, the outer bees being 
more active than those in the interior of the cluster. Heat is conserved also 
by the insulating wall of the nest, by closing nest openings (ants), and by 
other physical means. There is much species variation in the insulating value 
of the nest covering, Ants also build special hibernating chambers; their body 
water content is decreased and metabolism reduced in hibernation. Cold rigor 


Dtcemb«r January 



March 



Fig, 91. Temperature of honeybee cluster in winter. From Himrner.* 1 


occurs in bees at about 7°, in wasps and ants at about 0°. Apparently food 
absorption is reduced critically at these temperatures, since bees die at tempera 
tures above freezing with their stomachs full of sugar. Hymenoptera combine 
— phyS1Cal means in maintaining a relatively constant temperature 


In addition to producing metabolic heat, insects can absorb radiant heat 

from the sun and from a radiating substratum such as a hot rock. Summaries 

°; available data of absorption and reflection are found in the literature; ,,y - 173 

the most complete measurements are by Rucker. 1 ’ 1 There is little correlation 

between color as seen m visible light and the transmission by the body wall of 

hl?i W T 6 f ngth & The absor Pdon of infrared, hence of radiant 

wl “I r ° m mS f u t0 insect than does absor P tion of *rent visible 

iXlwJ n r ral h T eV f r ’ dark insec * s absorb more'infrared than 

than ‘^ 0r * u k d n ark elytra 0f ^ beetle Cara ^ S «*«t 

than half of the infrared and reflect least at 2.15 h whereas the white 
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wings of the cabbage butterfly, Pieris , reflect more of the infrared and reflect 
least at 3 /i. m A light snout beetle (Compsus niveus) absorbs 26 per cent and 
a dark carrion beetle (S ilpha obscura) absorbs 95 per cent of the infrared 
impinging on it. A dark brown grasshopper on sunny desert sand remained 
4-5° warmer than a light buff grasshopper. 38 Desert locusts (Schislocem) are 
very inactive below 17°, begin to move aC17 to 20°, and at this temperature in 
the morning take a position on an eastern slope with their bodies oriented 
perpendicularly to the sun’s rays, thus receiving maximal radiation. 60,61 At 
28° they start to migrate, or at higher temperatures (above 40°) they rest on 
a bush parallel to the sun’s rays, thus receiving minimum radiation. In the 
evening when the temperature falls the locusts again aggregate in a position 
perpendicular to the sun’s rays, this time, on a western slope. 

Temperature “Sense" in Insects. Another factor in maintenance of some 
constancy of temperature in terrestrial poikilotherms, particularly insects, is 
selection of a “preferred" temperature when subjected to a gradient. 172 The 
selected temperature is not necessarily “optimal,’’ and often varies greatly 
with the temperature to which the insects have previously been adapted. The 
elfect of acclimatizing temperature on the selected temperature is shown by 
the following data; 

Acclimatization Selected 

Temperature Temperature 

ants’*’ 3-5° 

25-27’ 32,0 

ticks 1 * 1 " 18-20° 23° imago 19° nymph 

14 ' 16 K » K » 

10-12 15 15 

In some other insects the temperature prior to a gradient test makes little 

dl The type of insect and also the stage in life cycle are important, For example, 
some dung maggots while actively feeding select a temperature of 30 to 37 , 

species, ami temperature preferences vary w.th geographic races of the same 

'‘often the selected temperature is higher for insects .with alngh lethal 
temperature than for those with a low lethal temperature, as shown by the 
following data 130 on flies; 


Temperature of 
Heat Paralysis 
36° 

43 

43.5 


Lethal 

Temperature 

39-41° 


Maximum Aggregation 
Temperature 
20°-26° 

29-36 

40 


** * *— afe * wl 
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The mechanisms of perception of thermal gradients by insects are not well 
known, and some temperature selection may well depend on the absolute 
temperature and hence on the activity of the nervous system. There are, 
however, peripheral thermal receptors in some insects. In crickets the antennae 
perceive air temperature and the tarsi perceive ground temperature, while 
mouthparts and cerci also are temperature sensitive. 80 In grasshoppers which 
orient in the sun, receptors appear to be scattered over the whole body. 00 The 
antennae are more sensitive to thermal stimuli than other regions in most 
insects. The blood-sucking bug (Rhodnius) is attracted to a mammal partly 
by smell, but from short range it is attracted by thermal gradient in the air. m 
The eyes are not used, but the bug waves its antennae about as if comparing 
the temperature gradient, and, if the antennae are removed, the insects become 
torpid and unresponsive to warm objects. Bedbugs and phasmids also have 
warmth receptors on the antennae. A positive reaction to warmth is important 
also in enabling a mosquito to locate its prey. The physiology of thermo 
reception in insects has not been studied, and there seems to be no evidence 
for cold receptors. 

The manner of orientation and aggregation in thermal gradients has bant 
discussed. 61 In no insect is orientation direct, as it may be to light, but rather 
it is achieved by trial and error. There are random movements, particularly 
of antennae, so that the response appears to be a “reflex pursuit of the antennae 
into a zone of optimal stimulation.” 173 Stimulation is by heat gradient, not by 
radiant heat, and only in the parasites of warm-blooded animals can heat act 
as a token stimulus. Selection then depends more on activity than on direction 
of movement. The activity of blowflies kept 12 hours at different temperature, 
was maximal at 30°, which was in the middle of the selected range, whereas 
if the temperature was raised from 1° to 45° during 6 hours, peaks of activity 
were noted at 20° and at 42°. Thus, although there might be changes in 
activity associated with temperature change, the equilibrium activity seemed 
correlated with temperature selection. 121 ’ When presented with two sources 
of heat stimulation, insects such as lice circle between the two sources and then 
go toward one of them. 85 

In insects in general, body temperature is normally that of the environment, 
when allowance is made for evaporation, but slight regulation against tempera 
ture stress can be brought about by (1) altering water loss or retention; (2) 
using metabolic heat as in exercise; (3) clustering, fanning, and transporting 
water, as by colonial species; (4) orientation of position and absorption t,i 
radiant heat; and (5) aggregation in regions of selected temperature. Loco 
motion toward a heat source, best seen in parasites of homoiotherms, is mn 
direct and appears to depend on comparison of thermal gradients by receptors 
particularly on the antennae. 

Body Temperature of Reptiles. Reptiles are the largest poikilotherms, and 
trom them the homoiothermic animals arose. The change in body temperature 
ot reptiles with change in environmental temperature is slow because of their 
high specific heat (Fig. 92), and numerous adaptations anticipate true tempera¬ 
ture regulation. The rectal temperature in large pythons increases with 
S 0 m y ’ 3n / e tem P e jature of a female python incubating eggs was 
LlA" ° f 3 * ' whet “between the coils the temperature was higher 
(. . ). Reptiles are much less dependent on humidity than are amphibia, 
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and when the humidity decreases at a constant air temperature the reptile body 
fails to cool significantly (Fig. 93). 70 The body coat of horny scales is not 
sufficiently permeable to water to permit much evaporation, although the 
temperature of small snakes averaged 0.3° below air temperature in the range 
from 10° to 30° C. 110 A series of reptiles, mostly snakes and large turtles, at 
20-25° vaporized only 2-6 gm. H a O/kg./24 Ins., 18 in contrast to 76 gm. by 
frogs. 133 

Benedict has studied in detail the temperature relations and heat production 
by reptiles, particularly large snakes. 10 The metabolism is relatively constant 



Fig. 92. Influence of changes in environmental temperature on rectal temperature 
of a python snake. From Benedict. 


for various snakes at a given temperature; e.g., at 22°, it is 21-24 Cal./m. 2 /24 
hrs. The turtles produce more heat than do snakes or afligators,; 
producing several times as much as snake. In snakes 
Seat production increases as the temperature rises. At 16 Ae evel ot tea 
production of repdles is similar to frog metabolism and may be higher than 

” Ma^snaktTand lizards absorb much radiant heat while basking in the 
sunhcht LihiL to thesunatait temperature of 13” C. had a cloacal tempera- 
ture of 38” C.“ They may orient themselves to receive mammum radiation, 
and it is reported that the chtomatophores of some lizards are expanded during 
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the period of warming-up but are constricted once an optimal temperature is 
reached . 69 Desert animals restrict their foraging to those periods of the day 
when the temperature is neither too cold nor too hot. When the body tempera¬ 
ture of the desert iguana, for example, approaches 43° it goes into the shade 
of bushes or underground. The horned toad (Phrynosoma) shows discomfort 
at 40° 67 and burrows at temperatures above 40° or below 20 °. 170 An important 
factor in limiting survival of reptiles at temperatures above 45° is the decreased 
affinity of their hemoglobin for oxygen (Ch. 9, p. 312). At 50° the blood of 
a chuckwalla (Sauromalus) could not become more than 50 per cent saturated 
with oxygen at atmospheric tension,' 1 " whereas the tension for 50 per cent 
saturation of the blood of a gila monster (Heloderma) rises from an 0 2 tension 
of 32 mm. Hg at 20 ° to 60 mm. Hg at 37.5 V 0 
Little is known about thermal sense in reptiles, but there appear to be 
epidermal receptors, stimulation of which causes snakes to approach warm 
objects. The pit vipers (Crotalidae) have facial sensory pits and some boas 
have labial pits, both of which are temperature receptors. These snakes strike 



Species 


Fig. 93. Comparison of change in body temperature of several species of amphibians 
and reptiles when the relative humidity was lowered from 100 per cent to 7 per cent 
saturation at 20°. From Hall and Root. 10 
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at a warm object and distinguish slightly warm from air-temperature objects 
only if the pits are intact and even when other sensory structures in the head 
are inactivated . 18011 

Poikilotherms lack efficient mechanisms, of heat retention; hence in low 
environmental temperatures their metabolic activity is limited, and as the 
temperature rises heat distribution from the body surface depends largely on 
an active circulatory system. It has been suggested that the giant reptiles were 
adapted metabolically to high temperatures and that their circulatory systems 
were sluggish at the low temperatures of the Pleistocene, so that they could not 
make sufficient use of radiant heat. Smaller reptiles would be less dependent 
on their circulation, and their temperature would have less of a lag behind 
that of the environment. 
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In turtles and frogs the arterial blood pressure is directly related to blood 
temperature, and when the brain is pithed the blood pressure is no longer 
responsive to temperature , 140 Local warming or cooling in the hypothalamus 
of the turtle but not in other regions of the brain has an effect on blood 
pressure. In birds and mammals, also, a drop in body temperature is accom¬ 
panied by a decrease in blood pressure. Rodbard 146 has suggested that the 
temperature-regulating center of homoiotherms evolved from a region of the 
hypothalamus responsible for circulatory adjustment. Migration of vertebrates 
from water to land has been accompanied by development of a tolerance for 
greater and more rapid changes of external temperature than occur in water. 
Reptiles tolerate a wide range of body temperature and a corresponding range 
of autonomic function; birds and mammals tolerate a narrower range of body 
temperature. It would be of interest to know whether fish have a temperature- 
sensitive autonomic center comparable to that in turtles. 


TEMPERATURE RELATIONS IN HOMOIOTHERMIC 
AND HETEROTHERMIC ANIMALS 

Birds and mammals differ from all other animals in having a temperature- 
sensitive center in the brain which, by altering heat retention and heat pro¬ 
duction, acts as a thermostat for the body. Cooling mechanisms come into more 
prominent action in high environmental temperatures, and warming mechan¬ 
isms in low external temperatures, so that over a limited environmental 
range body temperature is relatively constant. However, body temperature 
shows diurnal fluctuations associated particularly with muscular activity, 
feeding, and digestion. The diurnal temperature variation is less m large 
birds than in small birds, and nocturnal birds such as the owl have their 
temperature maximum during the night . 137 Similar maxima at night occur m 
nocturnal mammals, such as the opossum . 197 When the activity rhythm is 
reversed by changing the illumination, the body temperature rhythm is also 
reversed Ability to regulate body temperature varies also with age, maturity, 
metabolic state, and other factors. The temperature in the mtsw of the body 
is higher than at the body surface. In a nude man at an air temperature.of ,34 
C. various body regions were within 2.5 degrees of one another m tempmture, 
but at an airUmture of 22 ° C. the rectal372° 
while that of the hands was 30°, and that of the feet 27. h . o 
C. (pet tectum), the temperature of thigh musle was 36.4 , n1 c* thigh stan 
33 4 ? no At an air temperature of 100 F. man gains when clothed 200 Cai./m., 

ssssisssasssi 

xrflaafgSaess: 

better regulation than ““ P 1 ™* 1 d , Wislocki; 1 " homoiothetmism is 

* pK ' 

discussed by Pearce and nan, « * * sue2e sted 12S that s nee sperma- 

SeMedby S .1 p eS ascromm keeps the testes 

atlov^^than^dytemperamre and favors survival. Sterility occurs in rodents, 
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TABLE 61. NORMAL BODY TEMPERATURES AND LETHAL 
TEMPERATURES OF H0M0I0THERM1C ANIMALS 


Animal 

Conditions 

Nonnal 

(“usual") Body 
Temperature 

Low Lethal 

High Lethal 

Fowl 85 


40.5 


45.45 

Hen 102 


22.8-23.9 (1 hr.) 

OwP 


40,4-41.1 



Fowl 107 


41.4-41.9 



House wren 8 

23.2° air 

40.2d 

33.2 

46.8 



40.6$ 



English sparrow” 

37-43° air 



43.5 (long time) 


0-37° " 

41.5 



Eastern chip, spar. 8 


40.5<5 





40.5$ 



Mouse 05 


36.25 


433 

Rat 77 


38.1 


45 (79 min.) 

" ita 



13-14 

42-43 

Guinea pig 77 




48 (100 min.) 

Calf 7 




52 (5 Vi hr.) 

Peromyscus adult 100 


37.6 



Chipmunk 100 


38.6 



Short-tailed shrew 100 


35.7 

30.25 


Ground squirrel 08 

active 

32-41 




s. torpor 

29-32 




hibern. 

0.5-1.0 above air 

3.5“° 


Gopher 08 

air 4° 

33.8-35.0 



Woodchuck 08 

hibern. 


3 


Rabbit 171 


37.8-40 



If HI 


39.5-39.9 



Cat 28 



19-20 


Bat 51 

dormant 

7.5 




active 

36.8 



Three-toed sloth 21 




40 (2 hr.) 

Bat® 

tropical 


8 



German 

■ . 

-5 '' 


Mammals 15 



14-22 


Didelphys 127 

tropical 

1 35.5+0.7 



Macacus rhesus 171 


38.2-38.6 



Chimpanzee 171 


36.3-37.8 



Man 171 ; 


36.3-37.25 



Ant-eater 174 


34.5 

24-25 


Elephant 171 


35.7-36.7 



Whale 171 


36-37 




dogs and men when the testes are intra-abdominal or are heated in the scrotum. 
There are exceptions, however, as in the monotremes and insectivores, die 
whale, elephant, rhinoceros and seal, all of which have intra-abdominal testes, 
In birds the testes are intra-abdominal; however, spermatogenesis is said to 
occur only at night, when body temperature declines, and in some birds the 
testes migrate into a space between air sacs during the breeding season. 

The more primitive mammals have lower body temperatures during normal 
activity than do higher mammals, and their temperature, although well above 
that or the environment, fluctuates with air temperature, The poorly regula¬ 
ting lower mammals are heterothermic (Table 62). Temperature regulation 
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TABLE 62. BODY TEMPERATURE AS RELATED TO AIR TEMPERATURE 
IN A FEW SELECTED HETEROTHERMIC MAMMALS 


Animal 


Body Temperature 
(Usually Rectal) “C 


Echidna 110 

Ornithorhyncus 11 


Several Australian marsupials 110 
Didelphis mars, (Eten opossum) 1 ” 

Metachirus (brown opossum) 127 

Didelphis virg. (Virginia opossum) 11 

Dasypus (armadillo) 171 
Eptesicus (bat) 51 
Marmota (woodchuck) 17 

Hamster 111 

Rhinolophus (bat) 80 

Bradypus (sloth) 11 ” 

Bradipus (sloth) 1 ' 8 

Citellus (ground squirrel) 02 


28-28 

31.8 

32.6 

33.6 

35.6 

36.5 

37.5 day 

38.5 night 

33.8 day 

35.7 night 
32 

34 

34.5 

32.5 

34.5 

8.3 dormant 

36.5 active 

36 

37 

38.5 

35-36 active 
5 dormant 

35.5 
40 

27.7-36.8 

29.2 

30.3 
35.5 

38.4 

.2-5 above air 
temperature 
(hibernating) 


is poor in Echidna, better in Omthorhy«ch«s. Sloths 1 

show some temperature fluctuation with the envuonmen ■ Frgum 94 
both temperature of a Central American opossum as a function of air tempera 
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hypothalamus. 28 In man, development of temperature regulation may take 
several years. 31 Temperature regulation is perfected in chickens 4 to 5 days 
after hatching. 148 In the house wren temperature regulation appears gradually 
during the two weeks after hatching (Fig. 95). Regulation is accompanied by 
increasing sensitivity of the heat center and increasing basal metabolism. In 
the wren, for example, metabolism as measured by CO- output increases with 
age up to 12-15 days; as regulation appears the C0 8 production is highest at 
low air temperature and is minimal at 37.8°. The air temperature at which 
metabolism is minimal is well below body temperature. Similarly, water loss 
was increased by 4.6 times from 21.7° to 37.8° in wrens 0, 3, and 6 days old, 
but hardly at all in adults; however, at air temperature of 40° the water loss 
was twice the loss at 37.8°, regardless of age. UH Young swifts are able to survive 


60 °F 80 # F IOO°F 



EXTERNAL TEMPERATURE 

Fig. 94, Body temperature as a function of air temperature in a noctttrnally active 
Central American opossum, Metackims, From Morrison. 1 ” 

fasting longer than adults, because their metabolism and temperature fall and 
they enter a hunger coma. 105 

Thermal Stimulation. The mechanisms of heat regulation are activated in 
two ways: by thermal receptors in the skin, and by direct stimulation of the 
thermoregulator in the brain by changes in blood temperature. The thermal 
receptors in the skin may elicit vasomotor reflexes even though the individual 
is not conscious of heat or cold sensation. Observations on man show that 
the receptors for cold are probably the bulbs of Krause, located at the outer 
border of the skin layer containing blood vessels, that is, at a depth of about 
0.1 mm., whereas the warmth receptors are the Ruffini organs, which lie deeper 
in the skin (0.3 mm.), where blood vessels are abundant. 12 - 18 Much sensory 
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summation occurs, in that the threshold for stimulation of large areas is less 
than that for stimulation of single sensory endings, an area of cold receptors 
being stimulated by a fall of 0.004°/sec., and one of warmth receptors by a rise 
of Q.001°/sec. for 3 seconds. 12 Non-penetrating infrared is more effective as a 
thermal stimulus than are penetrating rays; therefore the thermal sense appears 
to depend more on the thermal gradient in the skin than on absolute tempera¬ 
ture or even rate of change of temperature in the skin. 133 It is also possible to 
obtain pain with thermal stimulation, but the skin receptors are not the same, 


AIR TEMPERATURE—DEGREES CENTIGRADE 



Fie. 95, Body temperature of wrens at different air temperatures at different ages 
after hatching. From Kendeigh, 

s shown bv the following: the pain threshold is raised and the heat threshold 

owered^by acetylsalicylic acid; after occluding the blood ow to an armfor 

ome minutes only the pain sense remains and pain shows 

ompared with heat or cold. 13 The- thresholdfor 

timulation is 0.218 cal./cm. 2 /sec., compared with the warmth threshold 

''Thfnwom pathways by which reflex responses to thermostimulation are 
dicited^not weflknown. There may be local vascular reactions, largely 

axon reflexes, also some direct responses of blood vessels to temperaUir 
axon reflexes,.vasoconstriction, and hair 
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erection (pilomotor response) may occur in distant regions of the body by 
reflexes which traverse hypothalamic centers, Whether there are by-pass con* 
nections directly to the vasomotor center in the medulla from ascending tracts 
carrying impulses from thermoreceptors or whether all of these impulses go 
first to the temperature center in the hypothalamus is not established. In any 
case the initial reflex reactions have the effect of altering the body insulation, 
increasing or decreasing heat loss from the skin. Removal of parts of the 
cerebral cortex from cats and dogs results in abnormal temperature-regulating 
reflexes, particularly to cold; hence the cortex may be required for proper 
responses of the temperature center. 138 Decerebrate and spinal animals are 
unable to show temperature regulation. 

When the environmental changes in temperature are sufficient that the 
insulating reactions do not adequately maintain body temperature, the blood 
temperature may change and this stimulates to more drastic reaction the 
thermoregulating center. This is’ a region of the caudal hypothalamus con¬ 
sisting of two portions, one heat-sensitive and the other cold-sensitive. 110 ' 143 
These regions evoke many responses in the blood vessels, endocrines such as 
adrenal medulla, various autonomic effectors, and skeletal muscle. The prin¬ 
cipal outflow is autonomic, and sympathectomized animals fail to show vaso¬ 
motor and pilomotor responses to temperature changes. 

The mechanism of stimulation of thermoreceptors and the nature of the 
afferent discharge from them are not known. It is of interest that nerve fibers 
can be stimulated by local temperature change, the small C fibers of mammals 
being excited by heating and large A fibers by cooling. 63 The cutaneous 
thermoreceptors are large structures, and a thermal gradient in them may 
cause a potential from one end of the receptor to the other which is excitant. 

Physical Mechanisms of Temperature Regulation. The mechanisms of 
temperature regulation are sometimes considered as physical (transfer of heat 
increased or decreased), and chemical (production of heat increased or de¬ 
creased). The physical factors are well summarized by Dubois. 40 The 
initial responses to changes in environmental temperature are local vaso¬ 
motor reactions which are initiated reflexly from cutaneous thermoreceptors. 
Skin vessels dilate and blood leaves the viscera when the air temperature 
is high, and the reverse reactions occur in low air temperatures. Change 
in temperature of one extremity causes vasomotor responses in the other 
extremity; the ears of some mammals (rabbit, elephant) are important in 
vasomotor cooling. Thus the transfer of heat to the body surface by blood 
regulates loss or retention of heat. Further, the thermal conductivity of skin 
is increased by vasodilatation, The temperatures inducing dilation and con¬ 
striction vary with humidity, and an "optimal" temperature exists for an 
animal at a given humidity. As water is. lost in heat the blood volume may 
increase and water may move from the body tissues out into the blood, where¬ 
as in cold the reverse reaction occurs and tissue cells swell. 10 Thermal con¬ 
ductance can change by 5 or 6 times, and skin blood flow varies much more, 32 
Loss of heat by radiation exceeds loss by vaporization at low temperatures, but 
above about 30° loss by vaporization predominates (Fig. 96). Water is vapor¬ 
ized over three channels: (1) in the respiratory tract, (2) by the sweatglands, 
and (3) by insensible loss directly from tissue spaces and out of-the skin. The 
relative contribution of these channels varies with species and conditions of 
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the organism. Under basal conditions man loses about 20 per cent of his heat 
by vaporization, under exercise the loss is 75-80 per cent. 48 Sweating begins 
in man at an average skin temperature of 34-35° C, S1 The loss by radiation 
remains relatively constant, its per cent contribution to the total loss is less in 
exercise. Loss of heat by radiation and conduction is prevented by insulation. 
Aquatic mammals, many of which are hairless, have an insulating layer of 
fat. Heat loss by terrestrial mammals-man, dog, and others-in water is twice 
as great as it is in air. 124 In air-dwellers the fur coat and feather cover con¬ 
serve heat and can be erected to encase an insulating layer of air. Permanent 
bird residents of cold areas have a thicker feather cover in winter than do 
migrants to warm climates, and mammals have thinner fur coats in summer 




^tion 


27 - 

22 23 24 25 26 27 28 29 JO 3! 32 33 
CAL. TEMP. C* 

Fie. 96. Relation of rectal temperatures (2 subjects), skin temperature, and per cent 
of heat loss by radiation, vaporization, and convection in man, to environmental (.cal¬ 
orimeter, cal.) temperature. From Hardy and DuBois.' 1 

than in winter. Not only it the fur thicker, hut it is better insolation in arctic 
mammals (Fig. 97). A guinea pig loses 33 per cent more heat 4 it is shorn, 
and at 20-24° C. heat loss from a shaved cat was 16 per cent above heat pro¬ 
duction, indicating that fur-bearing mammals rely on the fur,,in contrast to 
man, who alters heat conductance of the skin. 141 When sleeping, many mam- 
mals coil up, and birds bury the head under a wing and fluff out their feathers. 

When thebody temperature rises above the "optimum « 

and air temperature, heat loss by vaporrauon ts urcreased,' Sweat>n* 
are stimulated, and in animals lacking sweat glands and it buds panting 
appears Panting begins in dogs at rectal temperatures a few tenths of a degree 
above the basal rectal temperature." Breathing and heart rate are accelerated, 
Mai in cool air may lose by evaporation 1 liter of water per da,; m hard work 
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on the desert he may evaporate 1,51. per hour. 43 Output of sweat increases 
20 gm./hr. for each 1 0 F, rise in air temperature. Man can withstand very high 
air temperatures if allowed plenty of water for perspiration. 4 In secreting 
sweat man loses much salt, particularly sodium chloride, and in acclimatiza¬ 
tion to high temperatures the chloride concentration in sweat decreases while 
that in urine increases. In warm moist air, as in the jungle, evaporation js 
much less than in the desert. A burro working on the desert docs not pant 
and it secretes a sweat which contains little chloride. A panting dog, on the 
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Pig, 97. Maximum insulation of fur of arctic and tropical mammals as a function of 
fur thickness. Each dot represents one measurement. Values for aquatic animals are 
given in air (dots) and in ice water (open circles): values for terrestrial animals are given 
for air only. The insulating value of medium weight cotton is given by the broken line. 
From Scholander (unpublished). 

other hand, evaporates much water from its respiratory tract, and this may 
result in increased chloride concentration in the blood and in the development 
of some alkalosis due to the blowing off of C0 2 . 48 In birds, vaporization 
occurring as air passes through the air sacs may have a cooling effect. 

When the body temperature is cooled below "optimum," shivering may 
begin. This is associated with or follows vasoconstriction and piloerection. 
Shivering increases oxygen consumption, hence heat production. The abilities 
to pant and to shiver develop in the young animal during the period when 
temperature regulation appears. 131 - 143 When the "thermostat" becomes set 


too high, a fever begins by shivering, piloerection, cutaneous vasoconstriction, 
and absence of sweating; heat is retained, and the body temperature then rises. 

If the normal body is cooled, as by drinking ice water, or if it is warmed, the 
regulatory mechanisms bring the body temperature back to “optimum." 3 

Chemical Mechanisms of Temperature Regulation. The chemical or 
metabolic factors in temperature regulation are important in two respects: 
responses to temperature change, and basal metabolic level. 28 " 

As air temperature becomes lower or higher the metabolism remains con¬ 
stant, while the physical insulating mechanisms, thickness of body coat and 
vasomotor reactions, compensate for changes in thermal loss. Finally these 
mechanisms are insufficient, and at elevated blood temperature metabolic rate 
rises according to tissue temperature, whereas at depressed blood temperature 
the thermoregulating center is stimulated to activate muscular movement (as 
shivering) and probably secretion of endocrines which result in increased 
tissue metabolism (heat production). That is, metabolism of homoiotherms is 
minimal in a range of thermal neutrality and increases both above and below 
this range, whereas in poikilolherms metabolism varies directly with tempera¬ 
ture. 

There is much species variation in the metabolic response to low tempera¬ 
ture. In the English sparrow, for example, the body temperature was 41.5° C. 
for air temperatures from 0 to 37°, yet the heat produced per gram per hour 
at 0° was double the amount produced at 37°; above 37° the body temperature 
rose somewhat and heat production increased more. 30 When a mammal is 
chilled there is increased liberation of adrenin, also increased production of 
adrenal cortical hormone and thyroid hormone, hence increased metabolism. 
Adrenalectomized or thyroidectomized rats lose ability to compensate for. 
cold. 2 ' 1 The hypophysis may also he involved. Thyroid activity is enhanced 
at low temperatures. 31 Man in water at 20° C. produces heat at-3 to 6 times 
the basal rate, and by this means keeps his rectal temperature from going below 
35° C.; in water at a temperature lower than 20° C,, heat production decreases 
and the body temperature drops. 124 

Birds and mammals of the arctic have better insulating ability than tropical 
species. This is indicated by the extent of the temperature range over which 
metabolism is constant, that is, over which the insulating reactions are suffi¬ 
cient for maintenance of body temperature. In the arctic white fox, for exam¬ 
ple, air temperature can be lowered to -30° C, without roy increase m 
metabolism; cold stress, however, is sufficient to elicit a rise m met ^° 
the Alaskan ground squirrel at-10°, in lemmings at 15 .and m polar bear 
cubs at 0” C In sloths, night monkeys of PanamaA s ^ Z 
increases when the air temperature falls to about 25 C. (fig. 98 . As the 
air temperature falls, heat production increases by a small amount in weU 
rfmafad birds aid mammals of .be arede and by g,^ J—” 
tropical spedes. In all of them, however, the slope of the curve of h at po 
duction extrapolates back to zero at the normal body temperature (Fig. 98). 
If an animal ?s unable to maintain its body temperature by its insulating and 
Sections, he,, production then fells oS with idling, and long 

^ThemeSte response to stress of cold can be altered by acclimatization. 
For example, rats kept for 3 months at 0° to 2“ maintained a constant tempera- 
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Cure and increased their metabolism when cooled btduw zero, while others 
kept for 3 months at 30 to 32° regulated less well, and when the air tempo* 
ture dropped to 15° the increase in metabolism was insufficient to maintain 
body temperature, 111,1 Despite the physiological adaptation of individuals, it is 
unlikely that tropical mammals could he adapted to live at arctic temjieraturtis, 
The genetic and physiological limits of temperature tolerance have not been 
clearly defined in any species. 

A basic condition for homoiothermism is high lusal metabolic rate. Heat 
production can he measured by direct calorimetry or may he calculated from 
C0 2 production and Q s consumption. In man, with an HQ. of 0.82, heat 
is produced to the extent of 4.8 Calories per liter of oxygen consumed. 18 In 
general, at a given body temperature, the metalwlie rate is higher for small 
animals of a kind than for large animals, although metablie rate is not a 
simple function of size (see pp. 225-228, Ch, 8), 

A small poikilotherm (e.g., frog or fish) has a metabolism at 16" equal to 
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Fig. 98. Metabolism of arctic and tropical animals in resting state as a function of air 
temperature. Solid lines represent average measurements, broken lines are extrapolations. 
From Scholandcr (unpublished). 

about 5 per cent of the heat production of a homoiotherm of similar weight 
at 38°, A 20 gm. mouse at 37° produces 150 Cal./kg., a 20 gm. canary produces 
250 Cal./kg., and a 20 gm. frog calculated to 37" produces abut 30 Cal./kg. 
Measurements 1 * of heat production in a poikilotherm, in one good temperature 
regulator, and in one poor regulator, of identical weight and at the same tem¬ 
perature (2,5 kg. and 37°), are as follows: 

Rattlesnake 7,7 Gtl/ltg,/24 hours 

Woodchuck (Marmota) 28.7 " " " 

Rabbit 44,9 “ " " 

There has been much discussion as to whether weight, body surface area, 
total nitrogen, or some other measure of size is the better correlated with 
metabolism (Ch, 8), Certainly in homoiotherms the body surface is important 
because for a given degree of insulation the total heat loss for a given amount 
of heat production depends on the area over which a thermal gradient exists, 
Tire basal metabolic rate is higher in individual mammals adapted to a cold 

environment than in warm-adapted individuals (man, rat). 
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MIGRATION AND HIBERNATION 

Some birds migrate with the seasons and some mammals hibernate in winter. 
Migration is a complex response, initiated by changes in energy balance 
coordinated with seasonal variations in air temperature and photoperiod. With 
their high body temperature and high metabolic rate, small birds lose weight 
rapidly during a few hours without food at low air temperature. The length 
of the daylight period for feeding must he sufficiently long to permit the bird 
to accumulate enough reserves to last overnight, or the birds are compelled 
to migrate, During the winter, survival time of English sparrows without 
food at —14° C, is 19 hours; at -|-34 0 C. it is 61 hours. 101 During the warmer 
summer months the resistance of sparrows to hunger is decreased; at —14° C. 
survival time is only 11 hours, For the house wren at -14° C. during the 
summer survival time is less than 5 hours, and this is a migratory species. 
Differences between species in survival time without food depends on the 
relative amount ofutilizable fat stored in the body and on the rate at which 
it must be metabolized to maintain body temperature, Undoubtedly the factors 
that control migration may also establish climatic barriers limiting distribu¬ 
tion. 07, 101 

When the temperature goes down slowly, some lower invertebrates encyst 
and their metabolism is reduced essentially to zero; in some insects water 
content is reduced as they are "hardened” at low temperatures; larger poikilo- 
therms become dormant, surviving as long as their metabolism is not reduced 
below some critical level. Dehydration is important in initiating estivation, 
particularly in reptiles. 

Certain mammals can reduce the effectiveness of their temperature regu¬ 
lation and enter hibernation. Hibernation has been well reviewed in the 
literature. 17, * 7, ° 3, 90, 114 Hibernation is best known in monotremes, bats, 
rodents, and shrews. It is doubtful whether carnivores truly hibernate in the 
sense of becoming virtually poikilothermic, although bears and, skunks sleep 
for long periods in the winter. Numerous heterotherms enter cold narcosis 
which may he a form of hibernation. The body temperature of ^approaches 
air temperature and metabolism is reduced by about one-half jn 
sleep' in caves in the winter hibernating bats are easily disturbed and re 
S* Sleep canbe induced in bats at 10 ° C and they can be kept m 
in a refrigerator for week. The fcnees between 
their usual sleep when they are poikilothermic, and true hibernation are not 
“ IX do no/hibernate but f 

air. 6 - “ It a three-toed sloth is placed m cold atr 0 ° -15 CO i s cty t 
perature falls rapidly to ate t „ 

3 -4 r f&r* “ 

„E Sleep, and fa to' 

There is no simple cause ot tubernauon. P ^ ^ ^ Wn 

woodchuck is depletion of food sup# re ’ L k f food is a i s0 
fat, are usually essential concentra- 

SSStt^Ktadng snails 111 In many mammas low tern- 
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perature is the initiating factor, although in some mammals hibernation can 
occur without a change in temperature and a hibernating animal can some¬ 
times be awakened by further extreme cold. Hamsters in the cold hibernate 
in the presence of adequate food, 114 and hamsters, ground squirrels, and other 
animals occasionally wake for brief periods to eat and void. 03 

The most striking characteristic of hibernation is “turning down the thermo¬ 
stat,” The rate of fall of body temperature may be very rapid. The tempera¬ 
ture of a ground squirrel may drop 5° per hour. 112 The body temperature of a 
hibernating mammal fluctuates very much and is usually one to a few degrees 
above air temperature. Hedgehogs enter hibernal sleep at an air temperature 
of about 17°, and thereafter the body temperature rises and falls with the air 
temperature. Below an air temperature of 5.5° the body temperature some¬ 
times remains at 6° C., 81 or it may go even as low as 2° for a brief period, 
although this low temperature is not usually survived. 140 Bats in a cave at 
11.8° averaged 11.9° body temperature. 144 Ground squirrels become lethargic 
at body temperature below 30° C. and show great individual variability in 
response to environmental conditions which influence hibernation, 93 A wood¬ 
chuck (Marmota) in hibernation has a rectal temperature several degrees 
lower than its heart temperature. 52 

The rate of oxygen consumption declines with body temperature. In the 
hamster metabolism in 4-5 hours reached a minimum of 3 per cent of the 
non-hibernating level. 114 Data for the woodchuck 17 show the profound 
changes during hibernation: 

Non-hibernating Hibernating 

Heart rate 80/min. 4-5/min. 

Rectal temperature 34-39° C, (air 10-35°) 12-13° C. (air 10°) 

Respiratory rate 25-30/min. 0.2-1/min. 

R.Q. (after 24-hour fast) 0.71 0.7 

Basal metabolism 410 17-27 

Gal./10 w av8 /24 hr. 

Heart rate is slowed and irregular, breathing very slow. Blood sugar in 
hibernating mammals is little below waking values. 52 A waking dormouse 
produces 4 Cal./kg./hr. at 29°, and 15.5 Cal./kg./hr. at 10 to 15° C., 96 where¬ 
as a hibernating dormouse produces only 0.07 Cal./kg./hr. at 8.5°. The 
respiratory quotient in hibernation is low, indicating fat oxidation (Ch. 8). 

Recovery from hibernation may be initiated by moving or otherwise stimu¬ 
lating the animal, as well as by increasing the external temperature. Body 
temperature and oxygen consumption then increase, the latter very rapidly, 
temporarily to exceed the normal metabolic rate (Fig. 99). 114 The respiratory 
excess may be correlated with unusual activity caused by the “rage” of the 
hamster during the first hours after awakening rather than with any appreci¬ 
able oxygen debt accumulated during the long hibernation. The temperature 
of a hedgehog rose 19° in 42 minutes on awaking. 187 

Hibernation is a method of self-preservation or conservation of body reserves 
when external conditions of temperature and food supply are unfavorable. 
In birds and most mammals the heat-regulating center appears to lack the 
lability to permit adjustment required for hibernation. 
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Fig. 99. Average data of waking of three hamsters from hibernation at 4-5° C. 0 
oxygen consumption, (j rectal temperature, ft cheek pouch temperature. From Lyman. 114 


CONCLUSIONS 

The abundance and distribution of animals are influenced by temperature 
in two general respects: life is possible only within certain rather narrow 
temperature limits, and metabolic activity varies greatly according to tempera¬ 
ture. The thermal relations of animals to their environment are closely related 
to their osmotic relations. 

The normal vital temperature range is based on the thermal properties of 
water. Natural waters (hot springs excepted), because of their high specific 
heat and small heat conduction, rarely have a temperature above the upper 
limits for most aquatic animals-35 to 40° C. At the cold extreme the freezing 
point of aquatic animals is similar to that of the medium (in marine animals), 
or lower (in fresh-water animals). The causes of heat and cold death are 
multiple. Heat death often occurs at temperatures well below those of protein 
denaturation, and cold death need not involve freezing. Among aquatic poiki- 
lothermic animals the vital limits are lower for animals acclimatized to a low 
temperature range than for animals acclimatized to higher temperatures. This 
must mean that chemical changes occur in the organic substances which are 
critically affected by extremes of temperature. There are few such striking 
examples of protoplasmic reorganization as in temperature adjustment. The 
thermal properties of water protect and at the same time fix the temperature 
limits of aquatic animals. 

The over-all end of metabolism is the liberation of energy which can be 
used in mechanical or chemical work or can be lost as heat. If heat production 
is excessive, heat is lost; if the body temperature of a homoiotherm falls, 
metabolism increases. Poikilotherms have a low basal metabolic rate and they 
lose so much heat by conduction and convection and by vaporization that they 
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are largely dependent on the environment for their temperature. The net 
mechanical efficiency of muscle is about 20 per cent, yet the heat which is 
lost is not wasted; insofar as it raises body temperature it permits faster 
enzymatic reactions. The efficiency of a heterothermic animal ft good in that 
elevated temperatures are present when needed and enzymes need not work 
overtime when the animal is at rest or in hibernal sleep. This efficiency is 
apparently more than compensated for by slowness of getting started after a 
period of low body temperature. 

Temperature limits the distribution of animals, and success at the limits of 
environmental temperature is characterized by a variety of physiological 
adaptations, Among poilrilotherms the most important of these are: selection 
of a favorable temperature, regulation of water loss, variations in water dis¬ 
tribution, and variety of metabolic reactions, the extreme being suspension of 
active life processes at unfavorable temperatures. Among homoiotherms there 
are differences in degree of insulation (vasomotor responses and thickness of 
body coat), and in the magnitude of the metabolic response to changes in 
environmental temperature. Elucidation of the role of temperature in control 
of the distribution of animals and in the evolution of new species would be 
promoted by examination of the responses to temperature stress of individuals 
of a species living at the limits of the temperature range, and ascertainment 
of whether any observed individual differences are physiological or genetic 
adaptations. 
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Photofeception 

i i 


i INTRODUCTION 

he entire gamut of behavioral adjustments which an organism or 
its component parts make to changes in the external environ- 
ment is the direct result of sense organ activity. Of the numerous 
types of sense organs which regulate the activity of animals in their external 
environment, those that are sensitive to light, called photoreceptors, serve 
in a capacity which equals, and perhaps exceeds in importance that of all 
other sense organs. 

The ability to perceive light usually resides in a well defined structural 
entity, called a photoreceptor, although this is not necessarily true. Some 
echinoderms, for example, possess light sensitivity in the absence of any 
known discrete structural photoreceptors, as do many protozoa. Photorecep¬ 
tors present a great diversity of structure. Despite these morphological differ¬ 
ences, there seems to exist a functional similarity in all of the photoreceptors 
studied. 

PHOTORECEPTORS AND ORIENTATION 

Throughout the animal kingdom, as well as in the plant kingdom, light 
plays an important part in organismic orientation. Utilization of the direct¬ 
ional properties of light resides in the morphological and physiologies rela¬ 
tions which obtain in the photoreceptor proper as well as in the central ram¬ 
ifications of the visual pathway, and in the functional organization of the 
central nervous system with respect to the visual and effector systems. The 
mere presence of a photoreceptor does not indicate the nature of the orien- 

Many studies have tern performed on the orientation o( organism to 
light. Much of this material is summarized in the monograph of Fraenkel 
and Gunn. 41 According to their definitions, the word mm * 
to orientation of sessile animals or plants, teas to directed onentation oflam- 
mals which move in their environment, and tos to increase m velocity of 
movement on illumination in those animals which lack a directional onenta- 
tion. 

Diffuse Light Sensitivity 

It has long been known that plants utite light not only 
thesis but also for a type of orientation called phototropism. Many plants 
todtoward* o u«of illumination. This phototropism is particularly 

£bd in blue light, which results in rdativelv £ 

is associated with yelbw pigments (carotenoids) present in plants Is 
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| Diffuse sensitivity to light exists in several phyla of animals. Protozoa, 

I such as Amoeba, Stentor, and Peranema, respond to changing intensity of 

| illumination, without possessing any visible light-sensitive structures. Amoeba 

| proteus responds to intense illumination of any part of its body by a 

ij cessation of movement resulting from gelation in the illuminated region 

(Fig. 100). If the whole, body is illuminated! locomotion is greatly retarded 
j ! or stopped, because of gelation at the tips of the pseudopods (Fig. 100). How- 

j.j ever, if illumination is continued, locomotion gradually increases and be¬ 
ll comes normal in 6 to 30 minutes, depending on the intensity. 129 In the 

! absence of light-sensitive organelles and in view of the periodically fluid 

condition of amoeba protoplasm, there is probably a direct effect of light 
t on sol-gel reversibility (Ch. 17). 

Diffuse sensitivity to light also exists among the echinoderms. In these 
| animals the pigment cells of the integument are believed to be sensitive to 





Fig. 100. Responses of Amoeba to localized illumination (rectangular areas). Arrows 
show the direction of protoplasmic streaming. Broken lines in B, C, and D indicate 
position of animal shortly after illumination. F shows the position and direction of 
streaming assumed by E after illumination, v, Contractile vacuole; n, nucleus, From 
Mast. 12 * 

light. Von Uexkiill 157 noted the light sensitivity of the violet spicules 
around the anal orifice of the sea urchin, Centrostephanus longispinus. He 
extracted the purple pigment with alcohol, and found that it decomposed 
when exposed to light. The entire surface of Holothuria is photosensitive, 
and two pigments are present, one of which is a fluorescent greenish yel¬ 
low. 25 ' 28 The reaction of three species of Holothuria varies with the amount 
of this pigment present, and young specimens of H. captiva which have little 
pigment are less reactive than the heavily pigmented adults. Therefore, the 
greenish yellow fluorestent pigment is believed to be either the photosensitive 
pigment or a sensitizer. 


Jennings 111 in his monograph on the behavior of the starfish described 
reactions to light. In general, if the direction of illumination is such that 
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one part of the animal is more intensely illuminated than another, the ani¬ 
mal will move in the direction of the less intensely illuminated side. Under 
uniform but sudden illumination the animal exhibits an increased locomotor 
activity, which gradually subsides. The brief description accorded the latter 
type of behavior gives the impression of random movement, which may 
perhaps be called a kinesis, that is, an increase in random activity. 

Many annelids (e.g., Lumbricus) possess no macroscopic photoreceptors, 
yet in Lumbricus the entire body is sensitive to light. Sensitivity is greatest 
on the prostomium, next greatest on the dorsal region of the next few an¬ 
terior segments and a few of the most posterior segments, and least in the 
middle of the body. The regions of greatest sensitivity coincide with the 
highest concentration of the so-called epithelial light cells” of Hess, which 
are single cell photoreceptors each with a refractile body connected to neuro- 
fibrillae. Hess 87 found that the relative frequency of occurrence of these 
receptors in certain segments is as follows: prostomium, 57; segment 1, 26; 
segment 2, 10; segment 3, 7; segment 11, 1; last segment, 14; penultimate, 
4; antepenultimate, 2. The distribution of light sensitivity thus parallels the 
distribution of the light-sensitive cells. In some oligochaetes the photore¬ 
ceptors are found directly on the nerves of the cerebral ganglia. Earth¬ 
worms are positively phototaxic at very low intensities of illumination and 
negatively phototaxic at higher intensities. 87 ' 139 The type of orientation 
which these worms exhibit most often is called klinotaxis (see below). 

The molluscs display a great diversity in the mechanism of photoreception, 
ranging from a diffuse light sensitivity to a photoreceptor as complex as the 
human eye. The diffuse sensitivity to light in the clam, Mya arenaria, is con¬ 
fined to the siphon. Under constant conditions of illumination, the siphon 
is extended; when illumination increases, the siphon is withdrawn. The 
photoreceptors of the siphon are similar to those of the earthworm. 1180 

Localized Sensitivity to Light 

Localized photoreceptors are present in a great variety of organisms and ex¬ 
hibit a great diversity of structure. For the sake of clarity it seems pertinent 
to classify the photoreceptors on the basis of their gross function. Thus, cer¬ 
tain eyes function only as intensity receptors, while others function in form 
perception and pattern vision, the latter again forming a large group 
of great morphological diversity. 

Morphology. The simplest type of light-sensitive organs appear among the 
flagellate Protozoa. The known light-sensitive structures of the Protozoa are 
stigmas and ocelli, which occur only in flagellates. The stigma of Euglena 
(Fig. 101) is a mass of red granules, which shade the swelling on the flagel¬ 
lum. The flagellar swelling is the light-sensitive structure, and in any photo¬ 
taxic organism change of illumination of this swelling causes a change in 
direction of the beat of the flagellum until the organism becomes properly 
oriented (Fig. 102), In the Phytomonadida the stigma consists of a refractile 
structure which serves as a lens and covers the opening of a cup-shaped mass 
of pigment. The light-sensitive material is between the lens and the 
inner surface of the cup. The function of the pigment is to make the or¬ 
ganelle a directional detector useful in phototaxis. The stigmas of fresh-water 
Dinoflagellida are similar to those of Phytomonadida. However, those of cer- 





384 


Comparative Animal Physiology 


Photoreception 


385 


f 


tain marine dinoflagellates are much larger. In general appearance they re¬ 
semble the ocelli of flatworms, and they are called ocelli. 

The ocelli of coelenterates vary considerably in structure, ranging from a 
simple layer of sensory cells mingled with pigment cells, as in Tunis, to cup- 
shaped ocelli in Sarsia (Fig, 103, A) and T iaropsis. 

The ocelli of flatworms are similar, in general appearance and in prin¬ 
ciple to the stigmas of the Phytomonadida and Dinofkgellida. There is a 
pigment cup and a sensitive layer within the cup (Fig. 103, B), and some¬ 
times a lens. However, the sensitive layer is cellular and is composed of pri¬ 
mary neurones, the axons of which go to the brain. The pigment cup may 
consist of a single cell. 

Some annelida (e.g., Nereis ) have ocelli. Among the Mollusca there exist 
several types, of photoreceptors which transcend in complexity the simple 
ocelli heretofore discussed. Although the necessary data are not at hand, 



Fig. 101. Side view of Euglem viridis, showing the eye spot or pigmented shield 
and the enlargement at the base of the flagellum (rec.), believed to be the photo¬ 
receptor. From Fraenkel and Gunn.* 8 

it is quite possible that the eyes of Nautilus, consisting of an open pit, with¬ 
out a lens, the eyes of Helix, consisting of a completely enclosed receptor 
containing a lens-like material, and the eyes of Pecten (Fig. 103, D), con¬ 
sisting of a lens and a double layer of retinal cells, backed by a tapetum, are 
capable of pattern vision as well as intensity perception. The most com¬ 
plicated type of molluscan eye is represented by that of Sepia (Fig. 103, €). 
Generally speaking, in structure and development this eye is comparable to 
the eyes of vertebrates. There is a corneal surface which may be covered by 
lids; there are an ids and a lens which separate the eye into chambers; the 
lens is suspended and can be moved by a ciliary muscle; the retina lines the 
back of the eye; and the eyeball is surrounded by cartilage, During develop¬ 
ment the eye originates as an ectodermal pit, the lining of which forms the 
retina. The lens is formed in two parts: the inner part at the point of 
closure of the pit, and the outer part from a circular fold which forms the 


iris. Secondary and tertiary neurones are located in an optic ganglion im¬ 
mediately behind the retina, rather than on the front of the retina, as in 
vertebrates. Functionally as well as structurally, the eye of Sepia is similar to 
that of vertebrates, except that the retinal elements arc not inverted. 

I’he sixth abdominal ganglion in the crayfish is photosensitive, but the na¬ 
ture of the photoreceptor cells is unknown. 13 " 



Fig. 102, Orientation of swimming E uglena to light. From 1 to 2, light from direction 
of top of page; 2, direction of light reversed, The animal swerves to the dorsal side each 
time the receptor is shielded from the light by the eye spot. (Jennings, 1906.) 

Function in Orientation. The photoreceptor of Eugkna and related forms 
is a directional receptor by virtue of the pigment of the stigma, This orange- 
red pigment mass serves to shade the swelling of the base of the flagellum 
when illumination is on the ''dorsal 1 ’ surface and does not do so when illum¬ 
ination is from the opposite direction. When exposed to a single light source 
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Euglena moves directly toward or away from it, depending on the intensity. 
When the direction of illumination is changed suddenly, the animal re¬ 
orients, as shown in Figure 102. This type of orientation is called klinotaxis, 
a directional orientation made possible by means of regular deviations in 
movement (pendular or spiral), and involves comparison of intensities at 
sucessive points in time. The coelenterate Hydra behaves in this way, as do 
the post-trochophore larva of Arenicola and the tadpole larva of the ascidian 


I Ann SAnftrtru mIIr 
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the ocellus of Santa, B, Transverse section of the eye of Planaria macdata . C, Section 
through eye of Sepia . D, Section through eye of P eaten. Redrawn from Hyman,” 
Taliaferro 1011 and Borradaile and Potts. 18 * 

Amaroudum. Earthworms, under certain conditions, exhibit a pendular 
movement resulting in orientation, as do the maggot larvae of several species 
of flies. 43 

With the advent of two or more receptors, a peripheral mechanism exists 
which may permit direct orientation to light. In Planaria maculata, which 
possesses two cup-eyes, the orientation of the animal is in that direction 
which results in equal stimulation of both eyes. This type of orientation is 
called tropotaxis, and involves the comparison of intensities on two receptors 
simultaneously. Planaria, deprived of their eyes and illuminated, show an 


increased random activity and ultimately aggregate in the darkest region 
of their environment. 183 

A similar type of behavior was obtained in another planarian, Dendro■ 
coelum, by Ullyott. 158 Under uniform conditions of illumination without 
directional components (i.e,, from above), the animal lacks a directional 
response, The perception of light merely increases its random angular mo- 
i tion, which may be expressed as rate of change of direction, Since this 

rate of change of direction increases with light intensity, it follows that 
these animals will usually be found in the least intensely illuminated 
part of their environment, simply because their activity is lower here 
than elsewhere. This type of orientation is called klinokinesis. 43 

Localized Photoreceptors and Pattern Vision 

Light-sensitive organs capable of pattern vision have evolved several times. 

| The eyes of Nautilus , Helix , and Pecten may possibly function in pattern 

vision; the complex eye of cephalopods, illustrated by Sepia (Fig, 103, C), 

? resembles in structural and functional complexity the eye of vertebrates and 

certainly is capable of pattern vision and form perception. In the arthropods 
the compound eye serves in pattern vision, and in the vertebrates a distinctly 
different photoreceptor has evolved. 

The Compound Eyes of Arthropods, The eyes of arthropods are of two 
general types: compound eyes and ocelli. All compound eyes are constructed 
so that an image is formed; some ocelli (e.g„ the lateral ocelli or stemmata of 
insect larvae and pupae) are capable of forming images, hut others (e.g., 
ocelli of adult insects) are primarily simple organs of light detection. 

The compound eye is an effective organ of vision which has developed along 
quite different morphological and optical lines from the eye of vertebrates. 
The focusing mechanism works on a different optical principle, and the focus 
is always fixed. In many compound eyes at least, the light-gathering power 
is far inferior to that of the vertebrate eye. However, the compound eye also 
has advantages, especially in that the field of view is very great and may 
encompass well over 200 degrees, as in the stalked eyes of the crayfish. 

Structure of the Compound Eye. The compound eye is made of a number 
of transparent facets in the cuticle of the head or eyestalk, and beneath each 
I facet is an elongated light-sensitive structure, which is connected to the cen¬ 

tral nervous system. Each facet, together with the underlying sensitive struc¬ 
ture, is called an ommatidium, and the entire group of receptors is called the 
retina. The distal dioptric part of each ommatidium consists of a facet of the 
cuticle; all such facets, together, form the cornea, Beneath each facet there is 
usually a crystalline cone which serves as a lens, Below this is the retinula 
which usually consists of seven elongated sensory cells, arranged around a 
central refractile rod, the rhabdom. Each retinula cell is a primary neurone 
and is continuous with a post-retinal axon. The rhabdom is the collective 
secretion of the retinula cells, and its function is apparently to conduct light 
along the length of the retinula cells, which presumably contain the photo- 
[ sensitive pigment. 

In some insects the rhabdom is optically continuous with the crystalline 
f , cone, and the two form a light-collecting and distributing structure which 
transmits light entering the facet over the length of the photosensitive rctin- 
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ula cells, In many nocturnal insects (e.g., Noctuid. moths), tracheae are 
grouped around the retinula cells and especially at the basal end of the 
rhabdom. These tracheae reflect light distally through the ommatidium and 
serve the same function as the tapetum lucidum of vertebrates (page 398). 
In higher Crustacea the retinula cells contain guanin crystals which act as 
reflecting surfaces just as they do in the tapetum lucidum of vertebrates. 

In insects the whole ommatidium is surrounded by a sheath of pigmented 
cells made up of two sections: the "primary iris cells” around the crystalline 
cone, and the “secondary iris cells,” which may cover both the primary iris 
cells and the retinula cells. The proximal ends of the ommatidia rest on a 
fenestrated membrane through which the axons and tracheae pass. In prim¬ 
itive crustacea (e.g., Gammarus ), the retinula cells contain all of the iris 
pigment and extend distally to surround the crystalline cone. In higher 
Crustacea (e.g., shrimp, crayfish), the basal iris pigment is In the retinula 
cells, but the distal pigment is in separate cells, 

Diurnal Movements of Eye Pigments. In all compound eyes there is a 
movement of pigment with light and dark adaptation. 132 The arrange¬ 
ment is often such that the eye functions as an appositioiial eye* when light 
adapted and as a superpositional eye when dark adapted (see page 390). In 
addition, there are rhythmic diurnal pigment migrations which are independ¬ 
ent of light intensity; these persist independently of direct changes in the 
environmental illumination. 

Persistent diurnal rhythm of pigment migration occurs in the eye of Pdae- 
monetes, a shrimp, 788 On the left in Figure 289 (Ch. 22) is shown the posi¬ 
tion of the pigment in animals kept in constant light, and, on the right, that 
in animals kept in constant darkness. The upper figures show the position 
of pigment during the day, and the lower ones during the night. In animals 
kept in constant darkness the distal pigment moves outward at night and 
inward during the day; the basal pigment in the retinula cells moves out¬ 
ward during the day and inward, largely below the basal membrane, at 
night. Light adaptation brings about the differences apparent upon compar- 
ing the right and left diagrams in the figure. In dark-adapted animals it is 
evident that the type of image formed is appositional during the day and 
superpositional during the night. In light-adapted animals the image is cer¬ 
tainly appositional during the day and probably also at night. The reflecting 
pigment (R) is unprotected from light (juring the night but is covered dur- 
ing the day. This permits the eye to glow at night but not during the day. 
The effect is readily observed in crayfish, which, if kept in constant dark¬ 
ness, will exhibit an orange eyeshine at night but not during the day, This 
diurnal rhythm of eyeshine may persist for months under conditions of con¬ 
stant darkness and temperature. 7 - 170 

The persistent diurnal rhythm of pigment migration was discovered in 
the noctuid moth, Plusia , 118 and later was seen in numerous crustaceans: 
M.acrobrachium , m ’ 187 Cambarus , 7 two macrurans and four brachyurans, 114 
and Anchistioides, Cambarus , and Homarus™ Such a rhythm may be estab¬ 
lished by diurnal environmental changes. These changes must determine 

* In an appositional eye the retinula cells of an ommatidium are stimulated only by 
5] “ ™ 8 , thr f? 131 ommat idium, whereas in a superpositional eye the retinula 
cells are stimulated by light coming through neighboring ommatidia as well. 
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some sort of biological timing mechanism which controls the pigment mi¬ 
gration. The role of the sinus gland in controlling pigment migration is dis¬ 
cussed in Chapter 22. 

Image Formation, The crystalline cone is the principal focusing device of 
the compound eye, and it is not adjustable. Each ommatidium, therefore, 
has a fixed focus. The crystalline cone is made up of concentric lamellae, the 
more central layers of which have a higher refractive index than the more 
peripheral ones. The cone is therefore a virtual lens cylinder. Figure 104 
shows light passing through such lenses. If the length of the cylinder is 
equal to its focal length (A) a beam of parallel light (mpn) which enters 
perpendicular to one end of the cylinder (edge ab) is focused on the other 
end (edge cd), and emerges as a divergent beam {n'p'm'). Other beams of 
light (q) entering at an angle to the axis of the cylinder emerge at an angle 
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Fig. 104. Diagram of the path of light rays (A) through a lens cylinder of a length 
equal to the focal length) (B) through a lens cylinder of a length equal to twice the focal 
length, After Exner.“ 

(q'). This permits image formation, but since this image is limited to only 
seven retinula cells and is also subject to considerable distortion by the rhab¬ 
dom, it is probably useful merely as a spot of light rather than as an image. 
If the lens cylinder is twice as long as its focal length (B) the beam 
emerges as a parallel beam whose angle of emergence (ft) is equal and op¬ 
posite to the angle of incidence (a). In arthropod eyes there are two types 
of image formation, superpositional and appositional, which correspond to 
these two possible types of lenses, In both types the light entering a single 
facet is probably detected as a single spot of light. 

There are two chief types of ommatidia as shown in Figure 105. In A, 
the iris pigment completely sheathes the ommatidium and the only light 
which strikes the rhabdom and retinula cells is that which enters almost 
parallel to the axis. In B, the pigment cells do not completely sheathe the 
ommatidium and, depending on the angle of incidence, light which passes 
through the crystalline cone may strike neighboring rhabdoms as well as the 
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rhabdom of the crystaline cone through which the light has passed. There¬ 
fore, there are two possible types of image formation, as shown in Figure 
106. In A is shown the so-called apposition image, in which each rhabdom 
receives light which enters the ommatidium parallel to its axis. In this type 
the length of the crystalline cone may be equal to its focal length, as in 
Figure 105, A. In B is shown an image formed by superposition , in which 
light from a point (e) may pass through any of a number of crystalline 
cones and be bent (as in Figure 105, B), so that it is focused on a single 



, Fig. 105. Diagram of the two types of ommatidium. A, From eye forming apposition 
image (after Snodgrass); B, From eye forming superposition image (after Weber), a, 
Corneal lens; h, matrix cells of cornea; c, crystalline cone; d, iris pigment cells; e, rhabdom; 
f, retinal cells; g, retinal pigment cells; h, fenestrated basement membrane; i, eccentric 
retmal cell; k, translucent filament connecting crystalline cone with rhabdom; l nerve 
fibers. From Wigglesworth.” 1 



rhabdonv In this type the length of the crystalline cone is twice the focal 
lei #' u the L secondar y , iris P8 ment should migrate, as shown in Figure 
105, B, then the superposition eye may function as an apposition eye, 

, In general, most diurnal insects have apposition eyes, and nocturnal ones 
have superposition eyes. Undoubtedly there are many intermediate types. In 
some insects the cone cells are not refractile and apparently do not serve as 
lenses. The apposition eye is adapted to function at high light intensity and 
is really very'inefficient as a light-gathering device. The superposition eye is 
adapted to low light intensities and is much more efficient for gathering light 

than the apposition eye, but is still much less efficient than most vertebrate 
eyes. 

Because of the fact that the image formed by the apposition eye is made up 
only of spots of light of different intensities, each of which has entered 
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through a single ommatidium, the image is often referred to as a mosaic 
image. In the superposition eye light which is focused on a single rhabdom 
(Fig. 106, B) may enter through a number of ommatidia, so that in this 
case the image is not quite so mosaic. However, in a vertebrate eye, the image 
that is projected along the optic nerve consists of a record of intensities reg¬ 
istered at individual cones or at small groups of rods and/or cones, and thus 
this image also may he considered as a mosaic of much finer grain. If each 
retinula cell of an ommatidium is assumed to register different intensities 
of light and therefore to project a small portion of an image, then the term 
mosaic takes on a somewhat different meaning, and in the final pathway to 
the brain this pattern is essentially the same as that in a vertebrate optic 
nerve. 

Ocelli among the Arthropods, A simple type of arthropod eye, found in 
the larvae of Lepidoptera, Triehoptera, Collembola, and other insects, 
consists of a structure comparable to a single ommatidium of a compound 
eye. These simple eyes are known as stemmata, or lateral ocelli, and may 
occur singly or be scattered on the sides of the animal in small groups, 
In the larvae of Tenthredinidae and many Coleoptera there 'is only one 
ocellus on each side, hut it contains many retinulae, each with several 
sense cells and a rhabdom, perhaps with pigment cells, all beneath a single 
lens. This more complicated type of lateral ocellus is capable of distinguish¬ 
ing form (Fig. 107) and perhaps color. In the larvae of Cicindek there are 
six stemmata on each side: two large, two small, and two vestigial. The large 
ones have 6350 visual cells and are apparently capable of detecting form 
and, when all of the stemmata are functioning together, of determining 
distance. 44 

Dorsal ocelli are the simple eyes of insects which usually occur in the 
frontal region of the head between the compound eyes. In general the struc¬ 
ture is similar to that of the complex stemmata described above. The dorsal 
ocelli of agrionids and libellids have a tapetum and, when the animal is 
brought from darkness to bright light, there is a rapid movement of brown 
pigment across the white fundus within a few seconds. The ocelli have a 
nigh light-gathering power, with apertures estimated at P 1.8 for Eristdis 
and 1.5 for Formica females, whereas the facets of appositional compound 
eyes have apertures of f 2.5 to 4.5 and therefore a much lower light-gather¬ 
ing power. In sphingids and noctuids the superpositional compound eyes 
have a high light-gathering power, and ocelli are absent. The ocelli are poorly 
adapted for image formation for at least two reasons: the angular separation 
of the rhabdoms is great (3-10 degrees), and the image is usually focused 
far behind the retina (e.g., in Eristalis the retina is 0.11 mm. behind the 
lens and the focal plane is 0.29 mm.). 00 

Most spiders have eight ocelli distributed over the dorsal portion of the 
cephalothorax. Two of these are known as principal or direct eyes, and the 
others as lateral or indirect eves. In the direct eyes the sensory portion of 
each sense cell is in front of tne cell body, and in the indirect ocelli the sen¬ 
sory portion is behind the cell body. The direct eyes are movable by means of 
radially distributed muscles and permit the animal to fixate its prey with¬ 
out shifting its body, 01 

* Focal length divided by the diameter. 
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Other arthropods have various arrangements of ocelli. Many species have 
ocelli with several retinulae; others (myriopods) have groups of such ocelli 
placed contiguously so that they may tend to simulate a compound eye; 
Limulus has a number of ocelli, each with a single retinula, closely spaced 
to form the lateral eyes, which are somewhat similar in function to the true 
compound eye; and Crustacea have true compound eyes similar to those of 
insects. 

The Photic Behavior of Arthropods. The presence of a compound eye, 
consisting of many ommatidia, supplemented by additional ocelli, provides 
an organism with a great number of individual photoreceptors pointing in 
different directions. 


abed e 



A B 


Fig. 106. Diagram to show image formation, by (A) an apposition eye and (B) a 
superposition eye. a-f, Luminous points with the rays emitted by them; P, pigment; Rh, 
rhabdom, After Kuhn, from Wigglesworth, 111 



Fig. 107. Ocellus of Aphrophora spwmria (after Imms and Link). From Wigglesworth. ,n 
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It has already been stated that paired intensity receptors may result in a 
type of orientation called tropotaxis, involving simultaneous comparison of 
two intensities incident on different end-organs. Among the arthropods 
there are instances of a type of orientation called telotaxis, in which orienta¬ 
tion in the direction of one source of stimulation occurs without compari¬ 
son; 43 An organism exhibiting telotaxis orients to one source of stimulation, 
even though other sources may be present. This implies that, out of a variety 
of stimuli, one dominates and controls the resultant orientation. 


w 
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Fig, 108. The itinerary of an ant subjected to sunlight from different directions (After 
Santschi), The ant was returning to its nest with the sun on its left. At 1, 2, 3, and 4, 
the ant was shaded from direct sunlight and subjected to the sun's image from a mirror. 
The animal preserved its position relative to the source of light. From Fraenke] 
and Gunn. 43 

A second type of orientation among animals possessing compound eyes 
is the light compass reaction, This reaction is of considerable importance in 
the “homing” insects, the ants and the bees, and forms the basis of the dom¬ 
inant sensory clue which guides them back to the nest or hive. The struc¬ 
tural basis for the light compass reaction is the compound eye, in which a 
small source of light can stimulate only a few or, perhaps, only one ommati- 
dium at a time. Once a certain angular position relative to the sun is assumed, 
the arthropod has merely to retain the sun’s image in the same ommatidium 
in order to remain oriented. The dominant nature of this orientation is shown 
in Figure 108, 43 

A third type of behavior pattern exhibited by certain aquatic arthropods, 
although not limited to them, is the dorsal light reaction. The orientation of 
the body is determined by the direction of illumination and not by gravity. 
Similar reactions are exhibited by the carp louse, Argulns foliaceus; the 
brine shrimp, Artemia salina, and the prawn, Processa caniculata. In other 
animals, such as the prawn, Leander xiphias, and the. fish, Crenilabrus ro- 
status , the dorsal light reaction is elicited only after removal of the stato- 
cysts and the labyrinths.* 

The Vertebrate Eye: Morphology. The eye of man is rather generalized 
in structure and may be taken as representative of the vertebrate group. The 
structure of the right human eye is shown in horizontal section in Figure 109. 

The eye is comparable to a camera in many respects. There is a photosen¬ 
sitive screen (retina) on which the cornea and lens form an inverted image 

"Recently Waterman (Science 10: 252-254 (1950)) has confirmed, by recording 
optic nerve impulses, the earlier evidence from behavior that compound eyes of ar¬ 
thropods can distinguish the plane of polarization of polarized light. 
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in accordance with principles of geometric optics. The aperture of the lens 
is varied by the iris, and the eyelids are used as a lens cover to exclude light 
and lessen the possibility of mechanical injury to the corneal surface, The 
photosensitive screen is backed by a layer of black pigment which reduces 
internal reflection and thereby enhances the clarity of the image. Part of 
the focusing mechanism (i.e., the lens)* is also variable (by contraction of 
the ciliary muscle), so that objects at very different distances may be seen 
with equal sharpness if they are not viewed simultaneously. 



Fig. 109. Horizontal section of the right human eye, X 4. From Walls. 1 " 
Modified from Sakmann. 


focusing of light on the retina is brought about partly by the curvature 
of the cornea, which has a refractive index (1,376) much higher than that 
of air (1.00) and partly by the lens, which has a refractive index (1.42) 
slightly higher than that of the aqueous and vitreous humors (both 133) 
Since the greatest difference in refractive index, and also the greatest curva¬ 
ture, is found at the air-corneal interface, this is really the most important 
refracting surface in the formation of the image. The lens serves in a capacity 
comparable to that of a fine adjustment on a microscope, giving a delicate and 
accurate control over a short range. The range over which the lens can 


change the focus of the eye is known as the accommodation range, or sim¬ 
ply as the accommodation. 

The accommodation range is as much as 15 to 20 diopters* in young chil¬ 
dren and has an average value of about 4 diopters at the age of 42 years. 
This means that young children can focus objects as dose as 2 inches from 
the eye as well as those at infinity. The decrease in accommodation permits 
adjustment at age 42 only from about 8 inches to infinity. The relaxed nor¬ 
mal eye is focused for infinity, and accommodation is accomplished by the 
elasticity of the lens when the ciliary muscles are contracted. The decrease 
in focusing power with age is caused by the hardening of the lens, and its 
consequent failure to become slightly rounder and thicker on contraction of 
the muscle. This is the normal condition of farsightedness or presbyopia 
(meaning "old" sight), which is almost an inevitable result of old age. It 
can readily be corrected by means of spectacles, and when the power of ac¬ 
commodation is very low, the individual often resorts to the use of two 
pairs of spectacles or to bifocals, with one lens for near and one for distant 
objects. 

The most common abnormalities of vision which are corrected by spec¬ 
tacles are: (1) elongated eyeball, resulting in nearsightedness, or myopia, in 
which the image is focused in front of the retina, (2) short eyeball, resulting 
in farsightedness or hypermetropia, in which the image tends to be formed 
behind the retina, and (3) non-uniform curvature of the lens or cornea, 
resulting in astigmatism, the occurrence of different focal points for beams 
of light in different planes; e.g., vertical lines may appear blurred when 
horizontal lines at the same distance are not blurred. 

Structure of the Betina, The structure of the retina is shown diagrammat- 
ically in Figure 110. In this figure the light enters at the bottom, which is 
the front of the retina, passes through the layer of nerve fibers, a layer of 
tertiary or ganglionic neurone cell todies, a layer of synapses, a layer of sec¬ 
ondary neurone cell todies (the inner nuclear layer), another synaptic layer, 
and then through the cell todies (outer nuclear layer) of the rods and cones, 
which are the primary neurones or sense cells. The portion of the rod or 
cone corresponding to the dendrite of the primary neurone contains the 
photosensitive material, rhodopsin in the rods and iodopsin in the cones. Very 
little light is absorbed by the neuronal layers of the retina, except in the 
photosensitive material. The light which passes the photosensitive material 
is absorbed by the choroid. 

The neuronal connections of the retina are complex. They have been 
worked out in great detail by Polyak, 187 and some of the types of connec¬ 
tions are shown in Figure 110. Some cones are connected indirectly to a 
nerve fiber (e.g., the far left cone in the diagram), and this fiber receives 
no impulses from other rods or cones. Such a cone has an "exclusive line” to 
the brain, Other cones (e.g„ the far right specimen) are connected to nerve 
fibers which may receive impulses which originate in other cones or in rods. 
Certain cones which are connected to an "exclusive" fiber (e.g., the far left 
cone) are also connected through secondary neurones (inner nuclear layer) 
to nerve fibers which receive impulses from several or many rods and cones, 
These connections are important in the mechanism of color vision. The nerve 

* The diopter is' defined as the reciprocal of the focal length in meters. 
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fibers of the retina pass across the inner surface of the retina and enter the 
optic nerve, The region of exit of the nerve contains no rods and cones, is 
thereby insensitive to light, and is known as the "blind spot." 

In one region close to the optical axis of the eye the rods are fewer in 
number and the cones are much more numerous. This area is called the area 
centralis. In birds, in a few mammals, and in reptiles and fishes the area 
centralis is thinner than the surrounding retina, because of a decreased thick¬ 
ness of the layer, of secondary and tertiary neurones, and is referred to as 
the fovea centralis, In the fovea of certain birds (e.g., hawks, swallows, 
terns) these neuronal layers are not merely thinner, but their thickness va- 
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Fig. 1 ID, Histology of the human retina. Left, vertical section through the retina in 
the nasal fundus; right, neuronal connections in the retina as revealed by silver impreg¬ 
nation methods (after Polyak), a, Amacrine cell; b, bipolar cells; c, cones; c b, centrifugal 
bipolar, believed to conduct outward through the retina; db, diffuse bipolar; g, ganglion 
cells; Jt, horizontal cells; m, Muller fibers, forming limiting membranes; pg, parasol gan¬ 
glion cell; r, rods. From Walls, IM 


ries in such a way as to spread the image over a larger surface, thereby per¬ 
mitting a higher degree of visual acuity, This spreading lens effect is caused 
by the fact that the refractive index of the retinal tissue is greater than that of 
the vitreous body. The fovea of man is a broad area with very little if any 
spreading power. 

The two types of sense cells, rods and cones, are adapted to function most 
effectively over different intensity ranges, The rods are much more sensi¬ 
tive to light than the cones and thereby are adapted to function at very low 
intensities of light, ranging from moderately bright moonlight downward to 


the lower limit of visibility. At higher light intensities the photosensitive 
substance (rhodopsin) of the rods is almost completely bleached, and the 
rods are thereby non functional; in fact they reach maximal sensitivity only 
after a half hour or more in the dark, The cones contain a photosensitive 
? material (iodop.sin) which is not so readily affected by light, and therefore 

they are able to function at a higher intensity range. The existence of these 
;■ two types of sense cells gives a combination of sensitivity ranges which ac¬ 

counts for the extremely efficient functioning of the human eye over an in¬ 
tensity range of at least eight logarithmic units. Other vertebrates and in¬ 
vertebrates detect dickering light over most of this range, despite the lack of 
such duality of structure, but their ability in terms of other visual func¬ 
tions is probably not so good. 

Apart from the fad that the rods ami cones in duplex retinas function in 
different intensity ranges, they differ in another very fundamental manner. 
T he cones are <>! several types which are differentially sensitive to light of 
various wave lengths, and this differential sensitivity is the basis for color 
i discrimination (see page 434). All of the rods of any given animal seem to 

have the same spectral sensitivity and probably serve only to detect differ¬ 
ences in intensity. 

Visual Adaptations of lower Vertebrates . The structure and function of 
! the eyes of vertebrates show an astounding range of adaptation to the condi¬ 

tions under which the animal lives, Consequently, rather closely related 
species which live under different conditions may have quite different vision, 
This range of adaptation litis been described in considerable detail by 
Walls, 111:1 and the outline of the subject: presented here is largely adapted 
from his hook. 

The general types of adaptations of the vertebrate eye may be listed as 
follows: 

ADAPTATIONS TO ACTIVITY UNDER CONDITIONS OF LOW AND/OR HIGH LIGHT 

intensity: Adaptation to Arrhythmic Activity, during Both Day and Night. 
Animals which are equally active by day and night may not sleep at all or 
may merely take short naps. Such animals may be said to be arrhythmic in 
behavior and must be capable of good vision over a great range of light in¬ 
tensity, Some of the mechanisms which permit such vision are: (1) a con¬ 
siderable development of both rods and cones; (2) pigment migration from 
f the choroid to the layer of sense cells in order to screen intense light from 

some of the rods and cones, especially the rods (e.g., Phoxinus, a fish); (3) 
migration of rods and cones into the pigment layer in intense light (Ameiu- 
rus, a catfish ); (4) high mobility of the pupil, especially in higher vertebrates, 
where the positional changes of pigment and visual cells (2 and 3 above) are 
minimal. 

Adaptations to Dav-Time Activity. Animals which are diurnal, i,e„ active 
chiefly by day, have a high degree of visual acuity, brought about in several 
ways: (1) A larger image, which may be obtained by increasing the size of 
the eye , and the relative proportions of the lens and eyeball, especially by 
increasing the lens-retinal distance, Man, birds, chameleons, and all diurnal 
animals have a much greater lens-retinal distance than arrhythmic animals 
* such as cougars, dogs, or dromedaries, and very much greater lens-retinal dis¬ 

tances than nocturnal animals such as opossums, house mice, lynx, or frogs, 
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(2) A marked increase in the relative number of cones and a decrease in 
the absolute number of cones which contribute to any one tertiary neurone, 
i.e., by increasing the concentration of individual nerve channels from the 
retina to the brain. This results in an actual increase in the resolving power 
of the retina. (3) Special areas with an especially high concentration of 
cones and few, if any, rods, the so-called central areas or foveas. In the flat 
central area of frogs or in the cup-shaped fovea of man and in the acutely 
depressed fovea of birds, the concentration of individually connected cones 
is increased at the expense of group-connected rods. This is merely a local 
extension of the adaptation mentioned under ( 2 ), above. The structure of 
the fovea is carried to its extreme in certain birds, where the shape of the 
fovea, together with the difference in refractive index of vitreous body and 
retina, spreads the image over a larger number of cones, thereby acting as a 
localized negative lens. (4) Development of intraocular color filters which 
absorb in the blue end of the spectrum and thereby reduce chromatic aberra¬ 
tion at the retinal surface and consequently increase acuity. These filters 
consist of (a) red or yellow oil droplets in the cones of turtles and most liz¬ 
ards and birds; ( b ) a yellowish lens in the lamprey, some lizards, snakes, in- 
sectivores, in man, and in most Sciuridae—the lens is almost orange in 
ground squirrels and prairie dogs; /(c) a yellowish cornea in Atnia, Esox, 
Cyprinus, and a few other fishes; (d) a yellow fovea in man; and (e) retinal 
capillaries in eels and most mammals (but not especially in diurnal animals). 

adaptation To night-time activity. The nocturnal animals have a num¬ 
ber of adaptations which tend to increase the sensitivity of the eye. Some 
of these are: ( 1 ) Greater sensitivity of the retina to dim light by an increase 
in the number of rods and also in the number of rods connected to each ter¬ 
tiary neurone, thereby permitting greater summation of sense-cell activity. 
An increase in sensitivity by this method produces a simultaneous decrease 
in visual acuity. This fact is largely responsible for the visual acuity differ¬ 
ences between diurnal and nocturnal animals shown in Table 63. ( 2 ) Pres¬ 
ence of a slit pupil instead of a round pupil, as in diurnal animals. The slit 
pupil is able to close more tightly in bright light and thereby preserve the 
dark adaptation of the retina. For this purpose the slit pupil can be much 
more effective than the circular pupil of diurnal animals, and under condi¬ 
tions of dim illumination it can be greatly expanded into a large circular 
opening. This wide range of adaptability makes it an excellent nocturnal 
adaptation despite the fact that it does not directly aid dim vision. (3) Pres¬ 
ence of a tapetum lucidum, a reflective layer on the choroid. In all an imals 
the choroid consists of a highly absorbing layer which prevents internal re¬ 
flection. However, in many nocturnal animals there is a highly reflective ma¬ 
terial (crystalline guanine) in either the choroid or the retina, which'is ca¬ 
pable of reflecting light after it has passed through the sense cells so that it 
passes through them again in the opposite direction. This doubles the sens¬ 
itivity to dim light but also decreases acuity. Some of the reflected light pass¬ 
es out through the pupil, and the animal is said to have “eyeshine,” a phe¬ 
nomenon commonly noted in cats. Eyeshine occurs in all classes of verte¬ 
brates and is a special adaptation to nocturnal habits. 

adaptations to space and motion. Any object in visual space may have 
a number of perceptible characteristics, such as size, shape, pattern, bright- 
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TABLE 63. VISUAL ACUI TIES FOR PARALLEL LINES (From various sources) 



Visual 

Corresponding distance Visual angle corresponding 


angle, 

on retina, 

to 1 mm. distance 


minutes 

micra 

along visual cortex 

Diurnal animals 




Human adult 

0.44. 

1.89 



0.48 

2.06 . 



0.50 

2.14 


(different reports) 

0.80 

3.43 



0.82 

3.52 



0.83 

3.56 


Child 

0.62 

2.67 


Chimpanzee 

0.47 

1.86 


Rhesus monkey 

0,67 

2.33 


Rhesus monkey, 




along visual axis 



4' 

Rhesus monkey, 




7° from visual axis 

• * . . 

.... 

20' 

Cebus monkey 

0.95 

3.31 


Pigeon 

2,70 

4.89 


Pigeon, 'homer' 

0.38 

.69 


Gamecock (no fovea) 

4.07 

9.58 


Nocturnal animals 




Cat, along visual axis 

5.5 


1° 

Cat, 30° below axis 



5° 

Alligator 

Yl'.O 

.... 


Opossum 

11.0 

.... 


Rat, pigmented 

26.0 

23.8 

##i , 

Rat, albino 

52.0 

47.7 

mW 


ness, color, position, motion, and distance. We are aware of these qualities 
by virtue of the retinal image which is translated on the basis of experience 
into what we consider to be the "true” size, shape, and position of the ob¬ 
ject. The special adaptations which permit enhancement of the perception 
of some of the above characteristics are as follows: 

Accommodation and Its Substitutes. Accommodation, i.e., focusing of the 
image, may be brought about in various ways. In lampreys, teleosts, and 
probably holosteans, the active process of accommodation moves the lens 
backward to permit focusing on distant objects. In elasmobranchs, amphib¬ 
ians, and snakes, the lens is actively moved forward to adjust for near ob¬ 
jects; and in mammals, birds, and reptiles other than snakes the curvature of 
the lens is increased in order to focus on near objects. 

Visual Angles and Fields. The visual angle through which single vertebrate 
eyes can see is generally about 170 degrees, with a lower extreme of 110 de¬ 
grees for certain air-living animals (owls) and still less for deep-sea fishes, 
and a maximum of 200 degrees or more for a cat eye. The visual angle of a 
human eye is 150 degrees. 

The position of the eyes in the head determines the extent of the binocular 
field, if present. A few vertebrates (lampreys, hammerhead sharks, a few 
large-headed teleosts, the amphibian Cryptobmckus, penguins of the genus 
Spheniscus , and the larger whales) have no binocular field of vision; i.e,, 
both eyes can never focus on the same object at the same time. In most fishes 
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the binocular field is 20-30 degrees horizontally directly ahead, with ex¬ 
tremes of 4 to 40 degrees or more. Most birds have binocular fields (Figs. 111, 
112 ), and these are known to vary from 6-10 degrees in parrots to 60-70 de- 



Fig. 111. Projections of the four foveas of a hawk through an imaginary surface 
at the distance of momentary accommodation and convergence, forming a "visual 
trident" of high resolving power. (Courtesy of Dr. Gordon L. Walls.) 


Fig. 112. Freezing posture of bittern, showing binocular vision beneath head. Walls. 1 * 1 

grees in owls. Some birds even have a binocular field of view below the bill, 
e.g., a bittern can assume a “freezing” posture with its bill almost vertical and 
still have a binocular field ventral to the raised head, i.e., horizontally (Fig. 
112 ). In simians and in man the binocular field is about 140 degrees, i.e., the 
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visual field is almost entirely binocular. Hares have monocular fields of 190 
degrees which overlap to form small binocular fields both anteriorly and 
posteriorly. 

Eye Movements and the Fovea. Movement of the eyes may be involuntary 
or voluntary. Involuntary movements are those which form automatic reflexes 
for the purpose of maintaining the visual field constant during locomotion 
and during passive jogglings of the head and body. An excellent example of 
such movement is that which we make when we look another person in the 
eye and shake our head in the gesture of “no,” This eye movement is auto¬ 
matic and almost uncontrollable, ( Moving pictures taken from a moving, jog¬ 
gling vehicle do not have this automatic adjustment, and the absence is 
both noticeable and unpleasant to the observer. 

During voluntary movements the two, eyes may move independently with 
no coordination or may he coordinated to various degrees. In most lizards 
and in birds the movement is independent and uncoordinated; in some fishes 
and in chameleons it is independent but coordinated when objects are 
observed in the binocular field; and in man it is never independent but is 
always coordinated in such a manner that the same point of an object is al¬ 
ways focused simultaneously on the two foveas, 

In birds, moving objects are usually followed by movement of the entire 
head, and fixation may he either monocular or binocular. Many birds (ac- 
cipitrines, swallows, etc., mostly flight feeders) have two foveas in each eye, 
one of which is used monocularly and one hinocularly, Since the eyes are 
directed at an angle of as much as 45 degrees or more from each other, the 
usual central foveas are useful only monocularly, but the second foveas are 
placed on the temporal surfaces of the retinae so that they may be used si¬ 
multaneously in a binocular manner (Fig. HI). This arrangement is the 
so-called "visual trident” by means of which a bird may have three objects 
focused simultaneously on its four foveas, one object on two foveas, and one 
each on the other two. 

Depth and Solidity Perception. Perception of depth and distance is ob¬ 
tained either binocularly or’ monocularly. Most of the clues to depth are em¬ 
ployed in both monocular and binocular vision and may be detected in two- 
dimensional photographs or in good paintings. Perception depends on the fol¬ 
lowing: (1) Retinal image size, The larger the image the closer the object. 
(2) Perspective. Horizontal lines tend to meet at the horizon, and the amount 
of taper is an index of size and distance. (3) Overlap and shadow. Objects 
whose images or shadows overlap other objects are nearer than those objects, 
Distances with few overlaps, as over water with no intervening objects, 
therefore tend to be underestimated. (4) Vertical nearness to the horizon. 
Our line of sight tilts toward the ground for near objects but is raised for dis¬ 
tant objects. (5) Aerial perspective. Objects with dim or bluish outlines seem 
more distant because long atmospheric pathways make them appear so. In 
very clear air, distances tend to he underestimated; in fog or mist, overesti¬ 
mated. (6) Parallax, the most important of all monocular clues. This is the 
change in the apparent angle, at the eye, between near and far objects, pro¬ 
duced by lateral movement of the observer’s head or body. This is the princi¬ 
pal clue which permits one-eyed men to move about crowded rooms as well 
as they do. 
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It is difficult to say which of the six aforementioned clues are used by 
any given animal, Side-to-side movements of the head are used by some 
animals as a means of improving parallax, cither with monocular or with 
binocular vision. Some birds may cock their heads several times at a morsel 
of food before pecking it with complete assurance of its position; many shore 
birds use vertical bobbing of the head in a similar manner. 

Movement Perception. The perception of movement and the factors which 
influence it are decidedly complex. Under most conditions a small object 
moving on an otherwise motionless Held can be detected more easily than 
the same object if not moving. The movement of an image on the retina 
causes a change in the stimulation pattern which is more easily detected 
than the details of the same pattern if it is unchanging. This is one reason 
why flicker fusion curves offer a valuable index of vision. An object moving 
very fast may be seen only as a blur; the same object moving very slowly may 
not be seen at all. At intermediate speeds, however, the outline may be 
clearly seen, At speeds which result only in a blur, the details can some¬ 
times be seen if the observer blinks rapidly, e.g., as when viewing a rotating 
wheel or when a nearby picket fence is seen from a rapidly moving auto¬ 
mobile. One possible explanation of this fact is that because of the persist¬ 
ence of visual images the continuous series of images formed by the moving 
object overlaps to form the blur. By blinking rapidly these may be cut into 
a discontinuous series of distinct images. Under certain conditions, nystag¬ 
mus, a fluttering movement of the eyeball, may also seem to "stop” linear mo¬ 
tion and thereby remove the blur, 

One mechanism for the production of discontinuous images for localized 
areas of the retina of birds is the pecten. Of the thirty or more theories con¬ 
cerning the function of the pecten it seems that the correct one is that of 
Menner, 121111 who pointed out that the pecten serves as a grating which casts 
a shadow on the retina. An object which is moving across the field of vision 
forms an image behind the pecten which is discontinuous for localized areas 
of the retina, The fusion frequency is higher for light of a given flickering 
intensity for birds with a pecten than for animals lacking a pecten, particu¬ 
larly when the light is on for a high proportion of a cycle. 110 

adaptations to media and substrate: Aquatic Vision. The focusing 
mechanism of fishes is somewhat different from that of non-aquatic forms in 
that the cornea has almost the same refractive index as the water and is al¬ 
most useless as a focusing device. .Therefore the curvature may be changed 
to fit into the streamlining of the animal, and in some fishes the eyes are fur¬ 
ther streamlined by the addition of an "adipose lid.” 

One of the most striking differences between aerial and aquatic vision is 
in the field of view. This is shown in Figure IB. Because of the total in¬ 
ternal reflection of light which strikes a water-air,interface at an angle of 
less than 48.8 degrees (fresh water), the only view a fish has with an aerial 
pathway is through a surface "window” which subtends a 97.6 degree angle. 
The diameter of the window varies with depth of the fish. Because of refrac¬ 
tion at the surface of the water the field of view spreads as it passes through 
the surface, and distant objects (e.g., the shore and tree in tne figure) are 
compressed around its periphery. Objects on the bottom of the water (e.g., 
the rock) may appear in the visual image close to objects which are on dry 
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land and are seen through the window, A variety of devices in deep-sea 
fishes tend to increase visibility at low intensities, Some of these are relatively 
larger eyes, relatively larger lenses and pupils, a greater concentration of rods, 
tubular eyes which sacrifice peripheral vision for a more effective central 
vision, and various patterns of bioluminescence to illuminate the objects to 
be seen, 

Aerial Vision. The dioptric differences between eyes adapted to vision in 
air and in water are pronounced and are discussed above, Another group of 
differences include those pertaining to protection of the cornea, especially 
from drying. In man and many other animals this is accomplished by blink- 



Fig. 113, Diagram showing the upward visual field of a fish, a, The aerial window as 
seen from below; b, explanation of the aerial window, assuming calm water. Light rays 
striking the water surface within the window are refracted, while those striking outside 
the window are reflected. From Walls. 1 * 

ing. In birds and many mammals, however, there is an additional structure, 
the nictitating membrane, which probably covers the cornea most of the 
time during flight and prevents drying by the rapid air stream to which 
the eye is exposed. 

Air- and Water-Vision. Animals which live in both air and water must 
have an exceptional range of accommodation in order to see well in both 
media. A fish, when placed in air, is automatically subject to myopia, and 
any air-living vertebrate, when under water, to hypermetropia. Anableps, the 
so-called "four eyed fish," has two pupils for each eye, and two retinas, one 
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for use in air and one for wafer. The curvatures of the respective lens and 
corneal surfaces are such that proper focusing occurs. 

Spectacles. Whenever an eye is free to rotate under a fixed transparent 
covering through which the light passes, the covering is referred to as a spec¬ 
tacle or goggle. A spectacle may be simply the corneal surface which does not 
rotate with the eye (lamprey, lungfishes, eels, etc.), or it may be a window 
in a movable lower lid (some turtles and lizards), or a window in a struc¬ 
ture formed by the permanent fusion of both lids (snakes, certain fish, and 
many lizards). The latter type of spectacle forms a permanent secondary 
protective covering which is separated from the cornea by a liquid. This 
type is one commonly seen in snakes and spectacled lizards. In these forms 
the outer surface is periodically replaced when the skin is shed. 
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Fig. 114. The probable phylogenetic tree of vertebrate color vision. From Walls. 1 


adaptations to photic quality. For civilized man color vision is largely of 
aesthetic value. However, in lower animals it serves a very distinct purpose, 
in that it increases the visibility of objects and thereby enhances the ability 
of the animal to obtain food or to escape enemies. The probable phylogenetic 
distribution of color vision according to Walls is shown in Figure 114; This 
chart is based largely on well controlled behavior experiments by numerous 
authors prior to 1942. Since that time it has been demonstrated by GraniW 
with electrical methods (e.g. Fig. 142), that the neurones of the optic nerve 
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are so connected that at least certain fish, turtles, anurans (frog), and high¬ 
er placentals (cat) have a physiological basis for color vision. These data 
support the behavior evidence for the occurrence of color vision in teleosts 
and turtles and extend its possibilty to frogs and higher placental mammals. 
Granit found that the optic nerve fibers of the snake have only one type of 
cone sensitivity curve. Although the sensitivity curves for the snake are bi- 
modal, the fact that they are all the same precludes the existence of a physio¬ 
logical basis for color vision. This is in agreement with the data on behavior. 

PHYSIOLOGY OF PHOTORECEPTION 

Sensory end-organs which respond to radiation display great morpholog¬ 
ical variation. Despite this morphological diversity there exists a common 
pattern (Fig. 115,A) of a light-focusing device, a photosensitive membrane 
(retina), postretinal neurones which connect the receptor with the central 
nervous system, and the visual center or centers within the central nervous 
system. In keeping with this common structural pattern certain similarities in 
the basic mechanism of the responsive system are revealed in investigations 
of the function of light-sensitive end-organs, or photoreceptors. 

A 

LIGHT — 

gAnglia AND SYNAPSES ‘IN OPTIC 
LIGHT FOCUSING DEVICE PATHWAY 


RETINA 

I (PHOTOSENSITIVE 
✓'"ps. MEMBRANE) 


VISUAL CENTER IN 

J_CENTRAL NERVOUS 

L 1 SYSTEM 



ELECTRICAL POLARITY 
OF VERTEBRATE EYE 


Fig. 115. Diagrams illustrating (A) the elements in a visual pathway, and (B) the 
electrical polarity and retinal action potentials of the vertebrate eye. 

The physiological problems of prime interest center about two parts of 
the optic pathway (Fig. 115, A): (1) the photosensitive membrane and im¬ 
mediate connecting neurones, i.e., the peripheral structures; and (2) the 
central nervous system structures which receive and integrate the activity 
originating in the retina. 

The Peripheral Visual Mechanism: The Photochemical Nature of Photo- 
reception, Today it is an accepted fact that the initial event in the process of 
vision is a photochemical reaction. Surprisingly, this fact was only recently 
established. It was the evidences presented by Hecht, 74 - 73 ' 78 ’ 77 ' 78 stemming 
from his ingenious researches on the marine clam, Mya arenaria, which 
firmly established the photochemical nature of vision oh a factual basis. 
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the reciprocity law. The photic response of the clam, Mya arenaria, 
consists of the withdrawal of the extended siphon. This response is char¬ 
acterized by: (1) a threshold—a certain minimum intensity and duration 
of illumination is necessary to produce a response; and (2) a variable latent 
period—the time lapse between the end of the exposure and the beginning 
of the response varies in a definite manner with the conditions of illumina¬ 
tion. The latent period and exposure period are often measured together and 
referred to as reaction time. 

Hecht 78 determined the intensity of illumination necessary just to produce 
a response for various durations of illumination in a maximally sensitive ani¬ 
mal. The results indicate that the magnitude of the product of intensity and 
time necessary to elicit a response was a constant equal to 5.62 meter candle 
seconds. Expressed in mathematical notations, 

E t =It 

where E t is the photochemical effect for a threshold response, I is the in¬ 
tensity in meter candles, and t is the time in seconds. This is a form of a 
fundamental principle in photochemistry, the Bunsen-Roscoe reciprocity law, 
which states that the photochemical effect is equal to the product of intensity 
and time. It should be emphasized that the above application of the reciproc¬ 
ity law to the photic response of Mya is valid for only one level of response, 
namely, the threshold level within the intensity range used. The data do not 
indicate that a linear relation between photochemical effect and intensity-time 
product exists for all levels of stimulation. 

temperature coefficient of photochemical reactions. Hecht 70 de¬ 
termined the radiant energy necessary just to produce a response in a max¬ 
imally sensitive animal equilibrated to different environmental temperatures. 
Over a temperature range of 15 to 25° G, the energy required is constant, 
and the temperature coefficients, Q ]( „ ranged from 1.04 to 1.07. Photo¬ 
chemical reactions are known to be thermostable, and these results agree with 
this well known fact, indicating that the initial and controlling reaction in 
photoreception is a photochemical reaction. 

dark adaptation in the clam. An increase in sensitivity to light after a 
sojourn in darkness is common to all photoreceptor systems. This phenom¬ 
enon is called dark adaptation, Hecht 74 determined the course of dark adap¬ 
tation in the clam, Mya. The animal was illuminated, with a constant in¬ 
tensity of light for a prolonged period. This illumination was terminated 
suddenly and the animal was in total darkness. Immediately, the animal 
was stimulated with a flash of light and the reaction time was obtained. 
Soon another flash of light (of the same intensity and duration as the pre¬ 
vious flash) was admitted and the reaction time again was measured. This 
procedure was repeated several times during a 50 minute period in the dark. 
The reaction time was found to decrease with increasing time in the dark 
(see Fig. 116, lower curve). Hecht argued that the reaction time was oc¬ 
cupied bv a reaction whose velocity varied with the magnitude of the photo¬ 
chemical effect; the greater the photochemical effect, the faster the reaction 
or the shorter the reaction time. The. decrease in reaction time during the 
stay in the dark implied an increased photochemical effect elicited by the 
constant intensity-constant duration test flashes-rwhich in turn implied 
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that something which is sensitive to light must have accumulated during the 
stay in the dark. This sensitivity to light, argued Hecht, resides in a substance 
which we shall call S. 

The shape of the reaction-time curve of the dark-adapting clam is signific¬ 
ant,. for it can be described adequately by the equation for a biomolecular re¬ 
action 

1 x 
k = — X—- 
* at a - x 

where k is the velocity constant, t is the time, a is the initial concentration 
of some reactants, and x is the concentration of a reaction product. Hecht 
concluded that a synthesis of photosensitive substance, S, from two precurs- 
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Fig. 116. Curves showing the recovery of sensitivity (dark adaptation) after exposure 
to white light in the clam, 74 in Limulus and in the frog, 14i Ordinate for two upper 
curves is the logarithm of the threshold intensity; ordinate for lowest curve is the reaction 
time in seconds; abscissa is time in minutes. 

ors (P and A) took place in the dark-adapting photoreceptor. These precurs¬ 
ors, he suggested, originated from the photochemical decomposition of S dur¬ 
ing the period of illumination preceding the sojourn in the dark. This gave 
rise to the three component reversible schemes of Hecht 

Light 

S ^ P + A 
: : Dark . 

where S is the photolabile pigment, P, a precursor, and A, an accessory, 

RELATION BETWEEN ILLUMINATING INTENSITY AND PHOTOCHEMICAL EF¬ 
FECT. Realizing that the reaction time was occupied by an event of great im¬ 
portance in the visual process, Hecht believed that here a reaction occurred 
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whose velocity varied with the photochemical effect, A measure of the veloc¬ 
ity of this reaction could be obtained by measuring the latent period and 
calculating its reciprocal. Hecht then determined the relation between the 
reciprocal of the latent period, which he used as a measure of the photo¬ 
chemical effect, and the illuminating intensity, using a constant exposure 
period, The resulting data, when graphed, were adequately described by a 
straight line with a slope of 2.2. Hecht concluded that the relation could be 
expressed by the formulation 

E = Inf 


where E is the photochemical effect, and In I is the natural logarithm of the 
intensity. This relation is a form of a second fundamental principle in photo¬ 
chemistry expressed in Lambert’s and in Beer’s law. 

REACTIONS FOLLOWING THE INITIAL PHOTOCHEMICAL EVENT. The end- 
result of the light-induced photochemical reaction is the initiation of activ¬ 
ity in the fibers of the optic nerve or, in the absence of a nervous system, 
the initiation of some response. Hecht was the first to suggest a transitional 
mechanism between the photochemical event and the response of the organ- 
ism. This suggestion was based on several characteristics of the latent period 
of the siphon-withdrawal response. Hecht observed that the reciprocal of, the 
latent period (a measure of velocity) is directly proportional to the duration 
of exposure, on the basis of which he concluded that the velocity of the la¬ 
tent period reaction is directly proportional to the concentration of photo¬ 
chemical decomposition .products. To Hecht, this linear relation suggested 
a catalytic reaction, where the decomposition products were the catalyzers. 
This assumption was supported by: (1) measurement of temperature coeffic¬ 
ients^ between 2.5 and 3 and a p value of 19,680 (calculated from the Ar¬ 
rhenius equation), which agrees well with values for catalytic reactions; (2) 
the consideration that the photochemical decomposition products P -f- A 
3re P j Tt ° f a reversible s y stem whose condition of equilibrium must be sus¬ 
tained. This precludes the participation of these products directly in a second 
reaction. On these evidences and reasons Hecht postulated the following 
scheme ° 

L || P + A1 -» T 


where L is some substrate changed to an agent T, the reaction being cata¬ 
lyzed by the photochemical decomposition products. P + A, the parallel 
vertical lines indicating catalysis. Hecht suggested that T is the agent activat¬ 
ing the nervous elements of the eye. 

Participation of Carotenoids in Vision. Light incident upon a photore¬ 
ceptor must be absorbed before it can produce a physical or chemical effect. 
7 . a , researches relating the role of carotenoids to visual func¬ 

tion, Wald ^advanced the thesis that photosensitive processes depend, “al¬ 
most universally, upon one distinctive and compact group, of substances, the 
carotenoids. Carotenoids form a distinct group of yellow to red pigments, 
fat soluble and highly unsaturated, which can be identified by their ab¬ 
sorption spectra, Carotenoids, either alone or as the prosthetic groups of con¬ 
jugated proteins, function in absorption of radiant energy. 

It is apparent that absorption characteristics of the pigment will be re¬ 
flected in the response of the photoreceptor or of the organism. Thus, if the 
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pigment of a photosensitive system is highly efficient in absorbing blue light, 
then the same color of light will be most effective in producing a response 
in that system. For example, the phototropic bending of the oat shoot, 
Avena, is most effectively Stimulated by blue light of 440 m/< wave length. 
Other regions of the visible spectrum, adjusted so that the intensity is equal 
to that of the blue light, are less effective in producing bending. If these 
data are quantitated and plotted as in Figure 117 (lower curve), the result 
depicts the action spectrum of the phototropic bending. Extraction of the 
carotenoids of the oat coleoptile (Avena) yields an absorption spectrum in¬ 
dicated in the upper part of Figure 117. The correspondence between the 
two curves is indeed striking. 



400 SO0 
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Fig. 117. Upper, the absorption spectra of the total extracted carotenoids of the oat 
coleoptile, Avena, and of spore-bearer cells of the mold, Phycomyces. Lower, the action 
spectra of phototropic bending in Avena and spore bearers of Pilobolus, known to have 
carotenoid content similar to that of Phycomyces, From Wald, 1 ® 

Similar corespondence exists in the spectral sensitivity of the photic re¬ 
sponse of certain species of green flagellates and the absorption spectra of an 
extracted carotenoid, which has been identified as astaxanthin. 

For the remainder of the invertebrates there is no conclusive evidence for 
the participation of carotenoids in photoreception, but several lines of evi¬ 
dence suggest such carotenoid function. The polyps of certain colonial co- 
clenterates bend toward light. This effect is sharply maximal in the blue at 
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a wave length of 474 111 / 1 , in a spectrum uncorrected for energy, 160 Hecht 81,83 
measured the spectral sensitivity of the photic response of the clams Mya 
and Pkolas in relation to broad regions of the spectrum. He found a maxi¬ 
mum for Mya at 490 mp and for Pholas at 555 mp, with perhaps another 
maximum in the ultraviolet. The spectral sensitivity of the squid retina sug¬ 
gests that the photosensitive pigment involved is similar to the vertebrate 
pigment, rhodopsin, 

Bliss, 12 ' 13 ’ 14 isolated a pigment from squid retinae which resembles the 
vertebrate rhodopsin (Fig. 118). The absorption maximum is 495 mp, and 
its absorption spectrum agrees well with the absorption spectr um of visual 
purple and with the spectral sensitivity of the photoreceptor. There is, bow- 
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Fig. 118. Action spectrum of the dark-adapted human eye (after Ludvigh,™) com¬ 
pared with the spectral absorption curve of visual purple. Ftom Granit. BT 

ever, one difficulty in assigning to this pigment a principal role in the visual 
process; the squid pigment is light stable. Bleaching in the presence of light 
occurs only when the extracted pigment is sensitized by a dilute denaturant, 
such as formalin. The bleaching product is identical with visual yellow of 
the rhodopsin cycle (page 411) and the carotenoid has been identified as 
retinenej. The spectral sensitivity of several arthropod eyes, 40 -”• 03,100 de¬ 
termined by electrical (see page 422) and behavior methods, 196 indicates ab¬ 
sorption maxima in the blue portion of the visible spectrum, and a second 
maximum in the ultraviolet, wave length 385 mp, for Drosophila and the 
bee. • High concentrations of vitamin A have been isolated from the eyes 

of several marine Crustacea, the green and fiddler crabs and lobster, and 
from the eyes of the fresh-water crustacean, Cambarus virilis. The eyes of 
the latter also contain retinenei, in addition to astaxanthin. 

In the vertebrate eye the role of carotenoids in photoreception has been 
clearly set forth. The eyes of marine fishes, frogs, turtles, birds, and mammals 
contain a rose-colored photolabile pigment associated with rod function in 
the duplex retina. This pigment has in the past been called visual purple. 
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Wald 160 has revived the name rhodopsin, which will be used because it 
serves to differentiate this pigment from other photolabile pigments asso¬ 
ciated with rod vision in fresh-water fishes and tadpoles (see page 412). 

Rhodopsin is a conjugated protein. It possesses a characteristic color and 
other properties by virtue of its carotenoid prosthetic group. Extraction (in 
the dark) of dark-adapted retinae, rich in rhodopsin, produces a low yield 
of carotenoid. Rhodopsin exposed to light bleaches-rapidly and gives rise to 
orange or yellow photoproducts. Extraction of retinae shortly after subjec¬ 
tion to high illumination yields a stable yellow carotenoid identified as retin- 
enej, having a characteristic absorption spectrum. Extraction of retinae a 
long time after onset of illumination results in a high yield of a carotenoid, 
identified as vitamin Ai, which also has a characteristic absorption spectrum- 
These results indicate that retinenei and vitamin Ax enter into the photo- 
reception process. Broda and Goodeve 16 demonstrated that light incident on 
a solution of rhodopsin in 75 per cent glycerin and at —73° C. results in the 
appearance of an orange decomposition product. At higher temperatures this 
orange product changes rapidly into the familiar visual yellow. 18, 14 This 
material has been called transient orange and is believed to be the immediate 
result of the bleaching of rhodopsin. At normal temperatures this orange 
product has only a fleeting existence, which accounts for the infrequency 
of its discovery. The .incorporation of transient orange into the photochemical 
cycle gives the scheme of Figure 119. 

Rhodopsin, extracted in aqueous solution, has an absorption spectrum with 
a maximum of S00 m p. This absorption spectrum agrees well with the 



Fig. 119. The photochemical cycle including transient orange and illustrating the 
relationships of the various reactions. From Jahn. ts 


spectral sensitivity curve of human rod vision (Fig. 118) and with the 
spectral sensitivity curves of other animals. 

A photosensitive pigment associated with cone vision has been success¬ 
fully extracted from chicken retinae by Wald, 150 ' 102 This pigment is sensi¬ 
tive to deep red light, and its absorption characteristics are similar to the spec¬ 
tral sensitivity of cone vision in chickens. 1 ^ 0 Since this pigment is Violet in 
color, Wald suggested the name jodopsin. Although the chemical nature of 
iodopsin is yet unknown, the similar spectral properties of rhodopsin and 
of iodopsin imply a chemical similarity. 

Despite incompleteness of the data, the indications are that carotenoids 
are perhaps universally distributed among light-sensitive organisms, and 
that they are exclusively found in the photoreceptor or photosensitive areas 
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or are found there in greater concentration than elsewhere. In those eases in 
which the action spectrum of a photoreceptive process and the spectral ah 
sorption data of carotenoid or conjugated protein pigments are available, the 
precise correlation between them predicates the conclusion that these pig 
ments are active in absorbing the radiant energy which subsequently init¬ 
iates other events in the optic pathway, 

The Chemical Evolution of Photosensitive Pigments. One of the most 
interesting stories to emerge from the realm of retinal physiology is that of 
the phylogenetic origin of two photosensitive pigments, ihodupsin and por 
phyropsin. The following discussion is adapted largely from Wald," 1H and 
earlier publications. 

In the years 1879-1880 Kiihnc, HM one of the classic investigators of photo¬ 
chemical systems, observed that the retinae of frogs ami higher vertebrates 
were, rose-colored, whereas those of fresh water fishes were distinctly purple 
in color. Subsequently, Kdttgen and AbelsdorfI :i,r ’ demonstrated that solu¬ 
tions of photopigments from eight species of fresh-water fish jxissessd spurt- 
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Fig, 120, Absorption spectra of the rhodopsin and porphyropsin systems obtained from 
crude extracts of retinae of the marine scup (broken lines), and the fresh water alien 
bass (solid lines). All maxima have been brought to the same height to facilitate mtmtri 
son, From Wald. 1 " 

ral absorption properties different from the spectral properties of other verte¬ 
brate pigments. Many years later Wald 1 "" found that the spectral properties 
of photopigments extracted from retinae of marine fishes resembled those of 
rhodopsin. 1 he spectral properties of pigments from the t*ves of fresh-water 
and marine fishes were dissimilar, I hose of the latter were identical with 
the spectral properties of rhodopsin; those of the former were not. The pig¬ 
ment from the eyes of fresh-water fishes was called porphyropsin, Figure 1.20 
indicates that the rhodopsin and porphyropstn systems are parallel systems: 
rhodopsin decomposes into two carotenoids, retinenej,- vitamin Aj, and a 
protein; porphyropstn decomposes into retinene*, vitamin A* and a protein. 
t ^his clear-cut distinction between photopigments of fresh water and ma 
rine fishes (stenohaline) naturally led to the investigation of photopigments 
in fishes that are transitional between fresh-water and marine environments, 
or euryhaline fishes. Examination of the salmon ids, which spawn in fresh 
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water but spend the greatest part of their adult life in the ocean (i.e„ anad- 
romous lishes), revealed that they possess both rhodopsin and porphyropstn, 
the latter predominating. This predominance of porphyropstn is'further 
exemplified by the htook trout, which can enter the ocean but rarely does 
so, and the anadromnus white perch, which has onlv the porphyropsiti system 
(Figure 121). Examination of the fresh-water eel, which spawns in the 
wean hut spends the greatest part of its adult life in fresh water (i,e„ a ca- 
tadrommts lish), revealed that, although it possesses both pigments, rhodop¬ 
sin dominates (Fig. 121). The killilish, which spends its entire life in 
brackish water, is intermediate between the eel and the brook trout. The 
alewif'e, tin mtadrotnmis lish, spends almost all of its life in the sea and yet 
has only purphviopsin in its retina. In general, it may he said that eury- 
Iialine fishes pisses* pretlominately or exclusively that photosensitive pigment 
associated with their spawning environment, i.e., rhodopsin for marine and 
porphyropsiti for fresh water environment. 

Since the fresh water fishes are believed to have a major place in verte¬ 
brate evolution, it was of interest to examine the photopigments of other ver¬ 
tebrates in the evolutionary line. The eyclostomes are the only living primi 
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Fig. 121. Ahorptiun spectra of retinal extracts from various fishes, showing the tran¬ 
sition from the rhudupsin to the porphyropsiti system. The dogfish possesses rhodopsin 
aktnet the anudrommis white perch possesses porphyropsin alone, and the other species 
ate interinediute. From Wald. 1 ®’ 

live vertebrates which have eyes sufficiently well developed to permit analysts 
of photopigments. 'The sea lamprev, Petromyzon marinus, an anadromous 
lamprey, possesses a great preponderance of porphyropsin. Retinas of the 
lungfish, Proioplerus, have lieen found to contain vitamin As, indicating a 
porphyropsin system. Examination of the amphibia led to an interesting 
discovery. The urodele amphibian, Triturus viridescens, utilizes porphyrop¬ 
sin as its visual pigment, which is in accord with its fresh-water spawning 
habits and its probable ancestry. However, the anuran amphibian, the com¬ 
mon frag, uses rhodopsin exclusively as its rod pigment. Yet the frog also 
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spawns in fresh water. This dilemma was solved upon examination of tad¬ 
poles, just entering metamorphosis (small hind legs). These tadpoles ex¬ 
hibited two pigments, with porphyropsin predominating. Tadpoles further 
along in metamorphosis (well developed front and hind legs and mouth for¬ 
mation beginning) exhibited equal amounts of vitamins A r and A 2 , and 
presumably equal, concentrations of rhodopsin and porphyropsin. Newly 
emerged frogs exhibited a preponderance of rhodopsin. Migration from fresh 
water to land has had the same effect on the photosensitive pigment as mi¬ 
gration from fresh water to sea water. 

Although the data bearing on the evolution of these photopigments are 
yet incomplete, the information at hand indicates that the utilization of 
vitamin A 2 in a conjugated photosensitive pigment began early in the ver¬ 
tebrate line. Migration from the fresh-water environment into sea water and 
onto land has promoted the utilization of vitamin Ax. 



LOG INTENSITY 


L r L ° d and cone curves for flicker fusion frequency plotted 

«e m S’ ^ ftf? pr ? duced in ** cone CUIve b y changes in tern- 
S £ b ft han , Tl l, and by chan S es in *e ratio of the light to dark (L/D) 

fts' 1(1 “■ w***? 


^Measurement of Visual Functions and Their Photochemical Bases. It is 
posstble to design many types of experiments which test the functioning of 
Y 1 V Such experiments may test numerous items, 
a lioW v fl C °^ the L ab % of an animal to determine whether or not 
W ) the ability of an animal to distinguish varying de- 
inCrease in the detect light (i,e.,'sen- 

TSiZu 7? durm ?i 3 ? r ° l0n § ed P eriod Gf darkness i ( 4 ) ^e ability of 

**>■* 

which are used m ■-» ** «• 


415 


flicker fusion frequency. The flicker fusion frequency is the frequency 
at which a flickering light appears to be continuous. This frequency varies 
with the intensity of the light, as shown in the curves of Figure 122. In ex¬ 
periments on man, the subject is usually confronted with a uniformly and 
continuously illuminated field, and in. the center of this field is an area which 
flickers (as shown in the upper left insert of Fig. 122 ) with the same aver¬ 
age intensity as the surrounding field. The lower right insert shows the ar¬ 
rangement used for animals. The animal is placed at E, C is a rotating glass 
cylinder with longitudinal opaque black stripes, and S is a circular source of 
light. The animal is free to look along any radius, and as the cylinder ro¬ 
tates the black stripes give the appearance of flicker. Many animals (turtles, 
frogs, fish, isopods, insects) react to the light as long as it appears to flicker 
and cease to react as soon as it appears to be continuous. If the light to dark 
ratio of the flicker cycle is altered the curve is shifted as shown (Fig. 122). 
If the temperature of a cold-blooded animal is raised (e.g., from T x tO'T 2 ), 
the curve is shifted to the left (Fig. 122 ). 

brightness discrimination. By brightness discrimination we mean the 
ability to detect a change in brightness. The observer is confronted with a 
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Fig. 123. Diagram showing the rod and cone curves for brightness discrimination 
plotted against log intensity. The insert (upper left) indicates the type of visual field 
used in these experiments. From Jahn.™ 

uniformly illuminated field of intensity I. Then an additional intensity 
(AI) is briefly superimposed on part of this field, and the observer deter¬ 
mines the value of A I which can just barely be detected. A plot of I/Al 
against log I is shown in the curve of Figure 123, and one form of the ex¬ 
perimental field of view is shown in the insert. 

the kinetics of dark adaptation. Since Hecht measured the time course 
of the dark reaction in the clam, he and his students and numerous others 
have determined the time course of the dark reaction of photoreceptors in 
great numbers of organisms (see page 406, also Jahn 98 ). These studies have 
been confirmed by determination of the time course of the resynthesis of 
bleached rhodopsin in vitro. 21 






416 


Comparative Animal Physiology 


The several products resulting from the bleaching of rhodopsin, U„ vis 
ual yellow and visual white, indicate that the kinetics of the production of 
rhodopsin is not as simple as was originally formulated by 1 ledit (page 40H). 

Instead of a single reaction, there are now known to be three reactions 
involved in the synthesis (Fig. 119). This complexity of the reaction is in 
evidence if a series of dark-adaptation curves obtained from one photore¬ 
ceptor, as in Figure 124, arc compared. The curve of recovery after adapta¬ 
tion to a low intensity of illumination, e.g., 4 miililamberts, is quite different 
from that of recovery after adaptation to high intensity of illumination, e.g, 
4700 miililamberts. Recovery curves obtained alter intermediate intensities 
of illumination form a graded series between the two extremes, [aim 1 ' 11 dem¬ 
onstrated these differences by plotting the data as shown in Figure 124, 
rather than in the conventional log of threshold intensity time pint used In¬ 
most workers. 



Aj.mT"S'T* >nd ““ “ f ** ai'M e*** 

light. ftorn jS” *' meS “ 4|0 “ C inttn!it >' Cmillilambcrts) »[ the idling 
Inspection of this series of turves (Fig. 124) revealed that the data for 

molilf ” 8 ™, ld le <itted tet hy ,he “)“«'»> f« « mono 

m War reaction (p. 407) whereas the curve'for the highest adapting 

cati.lv.iJ C ° U • ^ TL Ced ' tbe e 4 uat,on for a monotnolecular auto- 
ata ytic equation. The mtetmediate curves could not be fitted by cither 

proposed “ a P« i ™ 'Alins Ae 

increase of rhodopsin (Z) with respect to time in the dark (t), 

Z = 1-1_12!_ 

t + a t + a+l+Kt, 

where 4 denotes the reciprocal of the initial concentration of visual yelltnv 
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(retinene* and protein) at the beginning of dark adaptation. This equation 
describes quite well all of the recovery curves of the family obtained after 
different amounts of light adaptation. Data 13 obtained from the photore¬ 
ceptor of Lmmlus (p. 426) indicates a family of recovery curves after dif¬ 
ferent degrees of light adaptation rather than the single curve obtained earlier 
and described (p. 407). 
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Fig. 125. Diagram showing the rod and cone curves for visual acuity plotted against 
log intensity. I lie insert (upper left) indicates the type of visual field used in these 
experiments. From Jahn, 100 

visual acuity. By visual acuity we mean the ability to see small ob¬ 
jects. One simple form of experiment is shown in the insert of Figure 125. 
The observer is confronted with a field of intensity 1 and a black line of 
variable width, and he is allowed to determine the width of the line which 
can just barely be seen at various intensities. Results of a typical experiment 
are shown in the curve of Figure 125, where the reciprocal of the width is 
plotted against intensity. Because of diffraction the image on the retina for 
the narrowest line that can be seen is not in black and white, but in gray 
and white, Therefore, this experiment is really one in brightness discrimina¬ 
tion, and any explanation for brightness discrimination should also explain 
visual acuity. 

Photochemical Explanation, The data for the above types of experiments 
can be predicted from a knowledge of the photochemical cycle. The theory 
and equations for that purpose outlined below are those of Jahn, 80 ’ “Too 
These differ somewhat from the earlier formulations of Hecht 74 - 7B - 10 - TT - 18 
and from those of other investigators . 18,10,130 

The fundamental assumption is that the threshold (or any other given 
level) of sensitivity is equivalent to some fixed value for the rate of the 
LT reaction, i.e., for dT/dt. The factors which affect this rate are the con¬ 
centration of the substrate L, the concentration of the enzyme E, and a 
velocity constant which varies with temperature. In the case of flicker it is 
assumed that the value of the maximal critical frequency is determined not 
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by the photochemical cycle but by some other process which is unaffected by 
temperature. On this basis the phenomena of flicker fusion, brightness dis¬ 
crimination, and visual acuity may be described as functions of intensity 
The same assumptions have also been applied to dark adaptation and, when 
combined with equations for the kinetics of regeneration of visual purple, 
offer a satisfactory explanation of the existing data on dark adaptation. The 
statement is not meant to imply that factors other than the chemical cycle are 
not involved or are not important. 

The equation for flicker fusion frequency is 

kjp 

F —-[kil (a-x)] 11 (Fm„ - p) r 

e 

where F is the flicker fusion frequency, * the amount of P or A, (a~x) the 
amount of S, I intensity, P the fraction of the flicker cycle during which 
the light is on, k 4 is the velocity constant of the LT reaction, a pertains to 
the mechanism whereby the photoproduct E is utilized by the sense cells 
and r denotes a mathematical function of F . 86 
The equation for brightness discrimination and visual acuity is. 

AI_Ci CC/lu l ) 1 / 4 j 

1 kaX 8 t kat 

where« denotes visual acuity, 1 denotes the concentration of L, K, the veloc- 
i y constant for E-*P -j- A reaction, fe 3 the velocity constant of the P -I- A“*S 
reaction, and t the duration of the flash of light . 87 

The validity of these equations for flicker fusion is shown in Figure 126. 
in this figure the theoretical curves for flicker fusion, for the turtle Pseud- 
m l S J 01 two temperatures and for man under conditions of rod (on left) 
S °“™ e (° n JfiW visio " are fitted to experimental data. The data are 
e , and the direction of the shift in the curve caused by the tem¬ 
perature change is correctly predicted. ; 
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tegrals (i.e., ogive curves) in log l The fundamental assumption is that the 
controlling mechanism in these phenomena is the statistical distribution of 
thresholds (in log I). At low intensities only the most sensitive elements 
(rods or cones flud associated neurones) respond) at high intensities all of 
them respond. Dark adaptation curves as a function of time are explained 
as the progressive increase of sensitivity of individual units and may be fitted 



Fig. 126, Data ,showing the relation of the flicker fusion frequency to the log of the 
intensity for man (uppermost curve) and the turtle (lower curves). Note the shift to the 
right in the curve for Pmdemys produced by a lower temperature, The curves were 
calculated from equations. From Jalin. M 

if the sensitivity is treated as a probability integral in log of time in the 
dark. On the basis of this theory the assumed distribution of thresholds cov¬ 
ers at least four and sometimes as many as eight log units. The thresholds 
are supposed to vary from element to element and from moment to moment. 
If one accepts these postulates, all of the data can be explained. 

This theory, of course, is a source of frustration to investigators who wish 
to reveal the mechanism of either the sense cells or associated neuronal net- 
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works by means of measurements of sensory phenomena. It is generally agreed 
that the photochemical cycle is resjxmsible. lor sensation in that it is the malt 
anism by which the sense cell is activated. However, CrozierV theory holds 
that in explaining the shape fit the curves lor various visual phenomena only 
the statistical distribution of thresholds need be considered, , 

An additional theory is that of Householder and Lindahl. 9 * In this the 
ory the responsibility of determining the shape of curves lor visual pheiiom , 
ena is entirely removed from the sense cell and is plat ed in the central tier 
vous system (or possibly in the neurone layers of the retina). On the basis of 
assumed dynamics of synaptic transmission, Householder and Lindahl have 
derived equations which describe the relationship Iretwmt critical flicker, 
light to dark ratio, and intensity, between relative brightness, light to dark 
ratio, and frequency, and also lietween brightness discrimination ami intern 
sity, Provision is made in the equations for the excitatory and inhibitory pro 
cesses at the synapses, and it is implied dial: different intensities of light , 

cause excitation ol completely different sets of neurones. As far as they go, 
the derived equations oiler a reasonably good lit lor die experimental data, 

Evaluation of the .Householder and Lindahl interpretation in terms of other 
theories or of known facts is very difficult, principally L*i anse the equations 
have been derived on the basis oi a lew assumptions eomvtning synaptic 
transmission within the central nervous system, without idereme to photo 
chemistry or to statistical distribution of thresholds, f he equations art* ap 
plicable to all types of sensory discrimination, and at present there «,cents to 
lie no way of proving or disproving them or even of estimating their iHitcmial 
value, 

The Electrical Activity of Photoreceptors, Consideration of the function ?' 
of vision reveals that the light, which is the agent activating tin- visual 
system, goes no further than the photosensitive membrane upon which it ) 
is incident. However, the experience of the light, or its sensation, takes jijaec 
within the central nervous system, 1 he evidences for the existence uf a smm 
dury reaction in the retina, i,t\, the catalysis of a sulistrate by one or several 
photodecomposition products, into an activating agent / , have been pre¬ 
sented (p. 408).' However, this throws no light on the nature ol the 
agent f or the manner in which it initiates nervous activity in the optic 
pathway, 

The data concerning the electrical activity of photoreceptors reveal certain v 
relationships that indicate its possible importance as relink in the chain of 
events that constitute the peripheral visual mechanism, A 

t Nature of Retinal klectml Activity. The fact that electrical pmen 
tials may be measured from the front and hack of the vertebrate eve was 
discovered by Du Bois Heymond in 1849,“ and the Fact that this voltage 
changes with the intensity of illumination was discovered by Holmgren in 
1865A" Since these pioneer observations were made, it has been established 
beyond doubt that whenever a photoreceptor is illuminated (assuming a 
viable photoreceptor tad illumination above a minimal intensity ), there m* 
curs a fluctuation in the steady potential difference which exists across the t 
eye. This steady jxitential difference is so oriented (Fig. 115, R, left) that 
the apical ends of the photosensitive elements (rods and/or cones in verte- | 
brates) are negative to the basal ends, The change in this potential wrought 
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by illumination, called the retinal action potential, is such as to cause an in¬ 
crease in die electrical negativity of the apical ends of the photosensitive de¬ 
ments (f'ig.115, B, right). The magnitude of the retinal action potential is 
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Fig, -127. Rciiml action potentials,of dill went animals obtained under somewhat 
different conditions. Upward deflection in all eases indicates negativity of the electrical 
lead near the free end of the retinal cells. The magnitude of the responses is not com* 
jwrablc hcciiusc of differences (if amplification. 


greatest shortly after the onset of illumination (the b wave), /\s illumination 
continues, the electrical response may decline rapidly to a minimum which 
is maintained (Fig, 127, Limutus eye), or the electrical response may in* 
crease in magnitude again (the c-wave) after a slight decrease (Fig. 127, 
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frog’s eye, and Fig. 115). In some photoreceptors the cessation of illumina¬ 
tion is followed by a further increase in negativity, called the d-wave. In the 
electrical action potentials of most vertebrate photoreceptors, the b-wave is 
preceded by a brief low magnitude potential in the positive direction, the 
a-wave. Although this terminology has been applied to the retinal action 
potentials of all photoreceptors, a strict homology of the various waves has 
not been demonstrated. 

For the purpose of measuring the action potential of the retina, electrodes 
may be connected to the front and back of the eye. By means of such con¬ 
nections, either on an isolated eye or on one in situ, the electrical changes 
are recorded by appropriate instruments. A record of the retinal action poten¬ 
tial obtained in this manner is called an electroretinogram (ERG). The wave 
form of the electroretinogram has been studied as a function of intensity of 
stimulating light, of the degree of dark- or light-adaptation, of the duration of 
the flash of light, of the frequency of a flickering light, of temperature, and of 
the effect of various drugs. 152 ' 155 As a result of such analyses it is postulated 
that the ERG represents the algebraic sum of potentials from three sources, 
which are referred to as the three components, P (meaning process) I, P II, 
and P III. The exact site of origin of these electrical components has not been 
determined, but at least one of them exists in the sense cell. 87 This has been 
well demonstrated for the sense cells of Limilus , u the compound eye of the 
grasshopper, Trimerotropis, m md for Dytiscus, 0 and it undoubtedly occurs in 
all photoreceptors. 

The simplest electroretinograms obtained are from the eye of Limuks 
(Fig. 127), an eye lacking lateral connections between sensory neurones. 
The response to illumination is a simple negative wave, followed by a lower 
sustained potential as long as stimulation persists. The a-, b-, c-, and d-waves 
are conspicuously lacking, but the wave form is quite similar to that of PII 
in the component analysis of the vertebrate retinal action potential. Measure¬ 
ments of retinal electrical activity have usually been made in terms of the 
magnitude of the b-wave. Measurements of c-wave magnitudes 115 ’ 174 seem 
to parallel the b-wave measurements, at least in some respects. The former 
are more difficult to obtain. 

Electrical Measurement of Visual Functions . The relation between in¬ 
cident light and electrical response indicates the possible dependence of the 
retinal electrical event upon the known properties of the photochemical 
system. 

ELECTRICAL MEASUREMENT OF SPECTRAL SENSITIVITY. The magnitude of 
the electrical action potentials of photoreceptors depends (within limits) 
rather directly on the intensity and on the duration of the light stimulus. 
This dependence of magnitude on intensity suggests the possibility of meas¬ 
uring the spectral sensitivity of this response, using relatively monochromatic 
light corrected for equal energy. Techniques for such measurement have 
been described. 68,109 The ideal procedure is to select a series of bands 
throughout the visible spectrum (with a monochromator or with color filters) 
and adjust the intensity so that it is equal for all the wave length bands, (The 
bands should be as narrow as possible). The magnitude of the photoreceptor 
electrical response (b-wave) elicited by constant duration test flashes of the 
various spectral bands will vary. The resultant plot of magnitude against 
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wave length yields a curve which describes the spectral sensitivity of the 
electrical response (Fig, 128). Numerous such measurements have been 
made. 50 ' 51 ' 98 ’ 134 

The spectral sensitivity curve of the electric response of the frog eye, using 
intensities below the cone threshold, yields a curve which is identical with 
the spectral absorption curve of rhodopsin, the rod pigment in the frog eye 
(Fig. 128). Despite the relative abundance of electrical spectral sensitivity 
measurements on diverse animals, no other direct comparisons with spectral 
absorption of photolabile pigments can be made because the latter have not 
been measured in vitro, The action spectrum of the squid eye 134 resembles 
the absorption spectrum of rhodopsin, which agrees with the presence of a 
rhodopsin-like substance in these eyes. 18,14 
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Fig. 128. Spectral absorption curve of visual purple (open circles), and the action 
spectrum of the dark-adapted frog eye as measured by the size of the b-wave of the 
retinal action potential (closed circles). From Granit. w 

Spectral sensitivity curves of photoreceptors obtained by the measurement 
of different responses (e.g., electrical ana behavioral) are in general agree¬ 
ment. Thus the spectral sensitivity of insects determined by behavior agrees 
with the electrical measurements. In the human eye the scotopic and 
photopic (rod and cone) luminosity curves, obtained by verbal response, 
agree well with similar electrical determinations. 57 

TEMPERATURE EFFECT ON THE RETINAL ACTION POTENTIAL. A second 

point of comparison between the photochemical process and the electrical 
event in the retina concerns the effect of temperature on these reactions. It 
is well known that photochemical bleaching reactions are affected not at all or 
very little by temperature. It will he remembered that Hecht determined 
the effect of temperature on the photochemical process in the clam, obtaining 










424 Comparative Animal Physiology 

values of Q. 10 ranging from 1,04 to 1.07 over a temperature range of 15 to 
25° C. 

The effect of temperature on the retinal response 107 was measured in a 
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efficients obtained by Hecht and the above values are in fair agreement 
with the theoretical value of 1,00. 

RECIPROCITY LAW DETERMINED FROM ELECTRICAL MEASUREMENTS OF 

retinal activity. Numerous measurements 1113 ’ 134,20,48,57 relate the mag¬ 
nitude of the retinal action potential to the stimulating intensity, employ¬ 
ing a constant flash duration (Fig. 129). The data of Hartline, 84 presented 
in Figure 130, are particularly instructive, He has measured the magnitude 
of the retinal action potential in relation to intensity of illumination, em¬ 
ploying different exposure periods. 

These data reveal that over a wide range the intensity and duration of 
flash to produce a response of constant magnitude are inversely related, i,e., 
for longer durations the intensity needed is less, and vice versa. Computa¬ 
tion of the intensity-time product necessary to elicit a response of constant 
magnitude is equal to a constant, Here, then, is a duplication of the applic- 
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Fig. 130, A family of curves relating magnitude of the retinal action potential to 
log intensity for different periods of exposure, The measurements were obtained from 
the eye of a grasshopper, From Hartline.* 4 

ability of the reciprocity law to photoreception, an earlier application 
having been made by Hecht (see page 406). Again it should be pointed 
out that the above relation is valid only for constant response levels, The 
over-all relation between E and It for the photoreceptor of the grasshopper 
is apparent from inspection of the data in Figure 130, and is the same as the 
relation between magnitude of the retinal action potential and logarithm of 
the intensity, 

relation between intensity and magnitude of electric response, 
Inspection of the curves in Figure 129 and in Figure 130 indicates that the 
relation between intensity of the light stimulus and the magnitude of the 
retinal action potential is a rather consistent one. The curves are sigmoid, 
with a plateau at the high and low intensity ends and a rather linear inter- 
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mediate region. The data which indicate atypical trends 112 do so for tech¬ 
nical reasons (see Wulff m ). It is apparent that some of those photoreceptors 
examined give rise to an electrical response which increases with increasing 
intensity of illumination over a considerable range. In some cases this in¬ 
tensity range is of the order of a million. 

Graham 48 has demonstrated that the electrical response (measured as the 
time integral of the retinal potential) of the Limulus eye increases under the 
following conditions: (1) when the number of sensory units (ommatidia) 
illuminated is kept constant and intensity of illumination increases; (2) when 
the illumination is kept constant and the number of sensory units illuminated 
is increased (Fig. 131). These results probably indicate that individual 
sensory units can produce a graded response. It is probable that the intensity- 
magnitude data of Figures 129 and 130 represent recruitment of increasing 
numbers of sensory elements as well as the summed effect of graded re¬ 
sponses of the sense elements stimulated. 



% 131. Data illustrating the relation between response magnitude (time integral of 
the retinal potential change) and number of ommatidia illuminated at four different 
intensities. The logs of the intensities are indicated on the curves. From Graham," 

electrical MEASUREMENT of dark adaptation. During dark adaptation 
a given light stimulus becomes more and more effective, i.e., the photochem¬ 
ical effect becomes greater. This should be reflected also in the electrical 
response to a given light stimulus during dark adaptation. The time course 
of dark adaptation has been followed in several species of animals by meas¬ 
urement of the magnitude of the electrical response elicited by a constant- 
intensity, constant-duration light stimulus. The data obtained by Hartline 86 
from Limulus and by Riggs 142 from the frog (2 degree foveal stimulation 
data), when plotted in terms of log I necessary to elicit a response of con¬ 
stant magnitude as a function of time in the dark (Fig. 116, middle and 
upper curves), give curves essentially sjimilajr to the curve obtained by Hecht * : 
(lower curve, Fig. 116-see page 407). 



There may be some question why these dark-adaptation velocity meas¬ 
urements conform to the bimolecular isotherm, in view of the complexity 
of the rhodopsin cycle previously discussed (see page 411), As indicated 
below, it is apparent that these measurements do not reveal the complex re- 
f lations which actually obtain, In the measurements on frogs, 142 attention 

is directed to the fact that the data represent cone adaptation rather than 
} rod adaptation. Electrical measurements of dark adaptation in the albino 

rat 21 conform much more closely to the reaction rate of a monomolecular re¬ 
action than to a bimolecular reaction rate. In this respect the data of Char- 
pentier agree with the data of Tansley, 154 who followed dark adaptation in 
the albino rat by extraction of rhodopsin. Tansley demonstrates that the 
latter data are fitted best by the velocity equation for a monomolecular re- 
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Fig, 132. Retinal action potentials obtained from a beetle, Dytiscus marginstus, during 
a sojourn in the dark for 4 days. Note the persistent change in the polarity of the 
response twice every 24 hour period. From Jfahn & Wulff.® 8 

action, There is rather good correspondence between the electrical and chem¬ 
ical measurements of dark adaptation in the albino rat. Chase and Smith 21 
measured the time course of regeneration of an in vitro solution of rhodop¬ 
sin extracted from frog retinae. The data are fitted by the monomolecular 
equation. Hence, the measurements of dark adaptation velocities as a whole 
afford considerable inconsistency. More recently the electric response of the 
human eye has been measured during dark adaptation. 145 * 

OTHER CONTRIBUTIONS FROM MEASUREMENT OF ELECTRICAL ACTIVITY 

OF photoreceptors, At least several genera of beetles (Hydrous, Chkenius, 
Harpalus, Dytiscus) exhibit an inherent diurnal rhythm in the type of 
electrical response of the eye. 108 ' 104,106,108 Figure 132 shows the types of 
records obtained from Dytiscus in response to a constant-intensity, constant- 
duration test flash at various times throughout a 4-day period. Until the 
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death of the animal, the . response changed in character regularly twice daily, 
even though the animal was maintained in total darkness. It is possible to 
maintain Chlaenius in complete darkness, except for test flashes, for a week 
and to record a diurnal variation in the electrical responses. 

During the night phase the eye is more sensitive, in that the light in¬ 
tensity necessary to produce a minimal detectable electrical response is about 
1/1000 of that necessary during the day phase. This diurnal variation in sen¬ 
sitivity is not correlated with iris pigment migration, for in Dytiscus such mi- 
curs only as a response to changes in the state of light and dark 

104 

The electrical activity of the neurones of the optic ganglion of insects 
may also be detected by measurements made with electrodes on the cornea. 
The activity of the ganglionic neurones is often rhythmic and appears as 
ripples superimposed on the electroretinogram. If the optic ganglion is 
excised the oscillations can no longer be recorded from the eye. Excision of 
the brain, however, has no obvious effect on these oscillations, 24,140 The 
frequency of this oscillatory activity is usually 8 to 40 or more cycles per 
second and apparently results from the synchronized activity of the ganglionic 
neurones. Oscillatory activity occurs when the light is on, or for a short pe¬ 
riod of time just after illumination has ceased. 24 The frequency and magni¬ 
tude depend on the temperature, on the state of adaptation, on the intensity 
and exposure period of the light, and on the species. In many respects the 
oscillatory activity of the optic ganglion is very similar to that of the verte¬ 
brate cereberal cortex which is recorded in the electroencephalogram. * 

summary. The measurement of visual functions by means of the retinal 
action potential agrees with measurements of the same visual functions by 
other techniques. Moreover, the correlations lead inevitably to the conclusion 
that the retinal action potential is controlled by a photochemical reaction. 
The previous discussion does not reveal any glimpse of the transitional mech¬ 
anism between the photochemical event and the electrical event in the retina; 
this remains to be demonstrated in the future. Nor does the foregoing dis¬ 
cussion prove irrevocably that the retinal action potential is a critical event 
in the peripheral visual mechanism; it merely indicates the possibility that it 
is. Consideration of the relation between the retinal action potential and the 
discharge of nerve impulses in the fibers of the optic nerve is of interest in 
this connection. 

Electrical Activity of the Optic Nerve: Nature of Optic Nerve Activity. 
One of the most useful techniques in the study of vision is that of recording 
the impulses from individual fibers of the optic nerve, either from the nerve 
itself 71 in invertebrates, or from the fibers on the inner surface of the retina 
before they form the nerve 08 in vertebrates. This method of investigation 
has yielded much of our knowledge of the action of the sensory cells, both as 
individual units for the detection of light and as units for the discrim¬ 
ination of wave length (color vision). 

Most afferent nerves, when stimulated via their end-organs, respond with 
a train of action potentials rather than with a single action potential. The 
fibers of the optic nerve are no exception. An example of the response of a 
single nerve fiber of Limulus to prolonged illumination of the sensory ending 
is shown in Figure 133, In Limulus each fiber is connected to a single sensory 
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ending. The impulses therefore are reflections of the activity of individual 
sensory units. 1 he first record shows that after a short latent period, there 


U 1) 



is a prolonged series of nerve impulses of high frequency for slightly more 
than a fifth of a second and then of a lower but rather constant frequency 
(Fig, 133), At a lower intensity (second record) the latent period is longer 
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and the impulse frequency is lower. At a still lower intensity the latency is 
further prolonged and the frequency is still lower. In all of these records 
the impulses stop with cessation of illumination. Impulses in single fibers of 
the Limulus optic nerve have been recorded for periods of illumination lasting 
30 minutes. 144 These impulses occur at a low frequency, and probably con¬ 
tinue as long as the eye is illuminated. 

The frequency patterns of nerve impulse discharge in all fibers of the 
Limulus optic nerve are similar. The condition in the vertebrate optic nerve 
is quite different. 68 Three functionally different types of fibers nave been 
discovered by Hartline, using the difficult technique of recording from sin¬ 
gle intraocular fibers in the frog (Fig. 134). Fiber A responds with a volley 
shortly after illumination begins (“on” burst). The impulse frequency de¬ 
clines, at first rapidly, then more slowly, and is interrupted by a quiet pe¬ 
riod. The impulse frequency decreases until the end of illumination, at 
which time the fiber responds with another burst of impulses ("off" burst). 
These fibers comprise about 20 per cent of the total fiber population. Fiber 
B exhibits an “on” burst and an "off” burst of impulses and does not re¬ 
spond to continued illumination. These fibers comprise about 50 per cent of 

A Ik! , | i n | | ill | | | | , , ... . .ill. 



Fig. 134. Trains of spike potentials initiated in three types of frog optic nerve fibers 
upon onset and cessation of illumination of the eye. The absence of die white line indi¬ 
cates illumination of the eye. A, Fiber responds with initial “on” burst and maintained 
discharge during period of illumination; B, fiber responds with "on” burst and a burst 
on cessation of illumination ("off” burst); C, fiber responds only with "off" burst. Time 
marked in 1/5 sec. From Hartline.* 8 

the total fiber population. Fiber C exhibits only an “off” burst of impulses. 
This type of fiber comprises about 30 per cent of the total fiber population. 

The optic nerve discharge patterns in invertebrates are of considerable 
interest because these observations cast some light on the complexities of fre¬ 
quency patterns observed in the vertebrate eye. In the segmental nerve 
of an anterior segment of the earthworm 139 and in the ventral nerve cord 
anterior to the sixth abdominal ganglion of the crayfish Prosser 138 recorded 
a discharge appearing shortly after illumination which builds up slowly to a 
maximum. The receptors involved, probably the unicellular receptors of 
earthworms (page 383) and the sixth abdominal ganglion of the crayfish, 
are believed to be primitive photoreceptors. Prosser 138 also recorded a nerve 
discharge pattern in the pharyngeal commissures of the crayfish on illumina¬ 
tion of the stalked compound-eyes. The discharge consisted of an “on” burst, 
a maintained discharge of declining frequency, and an “off” burst. Hartline 
recorded from single optic nerve fibers of the distal and proximal retinae of 


Pecten; the fibers from the proximal sense cells exhibited a pattern similar to 
the Limulus pattern (Fig. 133). The fibers from the distal retina exhibited 
“off” bursts only. The difference in optic nerve discharge must be attributed 
to the cells of the distal retina. The cells of either area are capable of being 
excited only by cessation of illumination or-and this is the more plausible 
view-they serve in the capacity of ganglion cells and receive their excitation 
from the distal sense cell layer. Hartline and Wilska, 73 using microelectrodes, 
found that the fibers in the anterior portion of the optic lobe of Limulus, pre¬ 
sumably coming directly from the retina, exhibited the familiar discharge 
pattern (Fig. 133). The fibers in the posterior portion of the lobe exhibited 
“off” bursts on cessation of illumination, similar to that shown in the verte¬ 
brate picture. These neurones are never active during illumination, and the 
frequency and duration of the “off” burst depend on the intensity and dura¬ 
tion of the preceding illumination. The "off” burst discharge is inhibited by 
re-illumination, just as it is in the vertebrate eye r,T and in Pecten. In the 
vertebrate eye, each third order neurone, from which the frequency patterns 



(Fig. 134) were recorded, is separated from the primary neurone, the sense 
cell, by at least one interspersed neurone, offering considerable complexity of 
interrelations (see Fig. 110). The complexities of the vertebrate frequency 
patterns are attributable to this retinal ganglionic layer. 

Measurement of Visual Functions by Means of the Optic Nerve Dis¬ 
charge: spectral sensitivity. Employing different wave length bands of 
stimulating light, Graham and Hartline 40 measured the intensity necessary to 
produce a constant number of nerve spike potentials in an optic nerve fiber. 
Tire reciprocal of the intensity may be taken as, a measure of sensitivity. The 
resultant plot of visibility against wave length gives an action spectrum 
(Fig, 135) that resembles those obtained by other techniques and from other 
animals and, indeed, is similar to the spectral absorption curve of rhodopsin. 

the reciprocity law. Records of the result of illumination of the Limulus 
eye with brief flashes of light are shown in Figure 136, 66 The technique 
used in obtaining the data of Figure 136 is identical with the technique 









432 Comparative Animal Physiology 

used in obtaining that of Figure 13.3. The four vertical rows of oscillograms 
were made from the same dark-adapted fiber with different durations of sin¬ 
gle flashes of light. The four horizontal rows were taken at different intensi¬ 
ties, It is to be noted that at unit intensity (horizontal row 1), as the dura¬ 
tion of the flash is increased, the number of resultant impulses in the fiber 
increases, Also, as the intensity is decreased (horizontal rows 2, 3 and 4), 
the duration required to produce a single impulse is increased. The data indi¬ 
cate that the reciprocity law (duration X time = constant) bolds for the 
production of a single impulse. 

RELATION BETWEEN ILLUMINATING INTENSITY AND FREQUENCY OF NERVE 

impulse discharge. 1 he discharge patterns of the optic nerve of Limulus and 
of fibers A and B of the frog eye exhibit an "on” burst of high frequency. 

DURATION 
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Fig. 136. Spike potentials recorded from single nerve fibers in response to illumination 
of the eye with different intensities for various periods of time, Duration of exposure to 
light is indicated at the top of each column in seconds; intensity in relative units is indi¬ 
cated at the right (unit intensity 3,000,000 meter candles). The absence of the white 
line indicates exposure of the eye. For very short exposures the arrows mark the position 
of the signal, Time in 1/5 sec, From Hartline. M 

The relation of this maximal frequency to the intensity of the illumination 
is interesting (Fig. 137), because there is a rough parallelism between this 
relation and the relation of the retinal action potential magnitude to the 
illuminating intensity (see Figs. 129 and 130, page 425). A similar relation 
seems to hold between other parts of the optic nerve discharge pattern and 
the illuminating intensity. 

dark adaptation. Employing the Limulus single optic nerve fiber prepara¬ 
tion, Hartline and McDonald 72 investigated the dark adaptation of single 
visual receptors. The recovery of a visual receptor after a short period of 
adaptation to illumination of a moderately high intensity is shown in Figure 
138. The nerve spike potentials are elicited by a short flash of light of fixed 
intensity and duration. The records show that the number of spike 
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potentials elicited by the test flash increases rapidly at first and subsequently 
more slowly. 

The relation of this recovery to time may be graphically illustrated in two 
ways; ( 1 ) by determining the intensity of the test flash necessary to elicit 
a single spike potential during the period of dark adaptation, and ( 2 ) by 
measuring the number of impulses elicited by a constant test flash as a func¬ 
tion of time. A series of recovery curves plotted according to the second 
method are illustrated in Figure 139, These curves were obtained after 
adaptation to lights of different intensities. It is apparent that recovery after 



Log> Intensity 

Fig. 137, The relationship between frequency of spike potentials recorded from single 
optic nerve fibers ( Limulus ) and the logarithm (base 10) of the illuminating intensity. 
A, Maximal frequency of discharge, shortly after,onset of illumination; B, frequency of 
discharge 3,5 seconds after onset of illumination. From Hartline and Graham. 71 

adaptation to illumination of a low intensity is much more rapid than re¬ 
covery after adaptation to illumination of a higher intensity, A similar series 
of recovery curves were obtained after adaptation for varying periods but 
at constant intensity. These results indicate that the rate of dark adaptation 
varies with the intensity and duration of light adaptation. In this regard 
these curves duplicate the complexities of the curves of vertebrate eye rod 
recovery (Fig. 115, upper curves ). 171 The variations in rate of dark adapta¬ 
tion are explained in terms of the rhodopsin cycle (page 411), and an 
analogous explanation may possibly be applied to the Limulus eye. 

Relations between Retinal and Optic Nerve Activity . The foregoing dis¬ 
cussion of retinal and optic nerve activity in a variety of photoreceptors in¬ 
dicates that both reflect a dependence 011 the photochemical nature of photo 
reception. This follows on consideration of spectral sensitivity measurements 
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What then is the relation between the retinal action jxitential irnl the 
activity in the nervous elements of the optic pathway? This question is not 
easily answered, although it has been raised a number of tiroes. <1 ‘ ST,m 
It has been suggested, by Hartline* 1 and others, that the retinal action p 
tentlal produces local action current* which initiate activity in the nervous 
elements of the optic pathway. This sequence of events, that is, a slow 
potential followed by nerve discharge, is not unknown in nave physiology. 
Such & sequence has been demomtrited in the ganglion of the heart of Limu- 
Im, **• im and there is some evidence for a similar sequence of events in 
the lower motor neurones of. the vertebrate spinal cord. 

Attractive is this suggestion may he, there is no evidence that affords clear- 
cut proof, ft liis been drown that the retinal action potential precedes the 
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optic nerve discharge" 7 or optic ganglion response 17 "" in time; it has also 
been shown that a nerve impulse may appear on illumination (usually low 
levels) in the absence of detectable retinal action potential. In response to 
high intensity Hashes of light the train of nerve impulses may last for several 
seconds, whereas the retinal action potential is over in a fraction of a second 
(Wulff, unpublished). I hese observations do not permit an answer; future 
observations will undoubtedly serve to clarify this problem. 



Fig. 139. Dark adaptation of single visual elements of Limlus after exposure to lights 
of different intensities (indicated on the curves in relative units). The response of the 
eye is measured by recording spike potentials of single visual elements in response to a 
constant intensity, constant duration test Hash. Note the depression of the recovery 
curve after adaptation to more intense illumination, From Hartline and McDonald." 

The Central Visual Mechanism 

Central Visual Pathways. A vertical line drawn through the center of 
the fovea of the human retina demarcates the two hemiretinas, the fibers of 
which follow different pathways to the brain, Fibers from the temporal 
hemiretina of the left eye pass through the optic chiasma and without 
crossing pass to the lateral geniculate body of the left side of the brain; 
those of the temporal side of the. right eye enter the right, optic tract. Fibers 
from the nasal half of each retina cross in the optic chiasma, enter the optic 
tract of the opposite side of the brain, where they join the uncrossed fibers 
from the temporal half of the other eye, and end in the contralateral genicu¬ 
late body. In the geniculate bodies the visual fibers enter into synaptic rela¬ 
tions with the fourth order neurones which continue on to the occipital lobe 
of the cortex. As a result of the regrouping of fibers in the chiasma, the ef¬ 
fect of lesions of the chiasma or central to the chiasma causes visual defects 
which are different from those produced by lesions of the optic nerve. 

The Visual Cortex. Knowledge of the manner in which the visual fibers 
terminate in the optic cortex is obtained by three principal methods; (1) 
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correlation of visual field defects with small lesions in the occipital lobe; 88 ' 188 
(2) correlation of degeneration in the geniculate bodies with the site of le¬ 
sions in the retina or in the cortex (monkey 17 - 22 ); (3) correlation of elec¬ 
trical action potentials from various parts of the cortex in response.to re¬ 
stricted stimulation of the retina. 152 It has been demonstrated 136,137 that the 
retina is projected point-to-point through the geniculate body to the optic 
cortex. The areas of the striate cortex devoted to impulses from various 
parts of the retina have been determined by Talbot and Marshall, and are 
shown in Figure 140. It is evident that the image formed on the retina is 
projected to the striate cortex and thence to higher association centers. 
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Fig. 140. Projection of the retina on the left occipital lobe of the monkey, 
determined by electrical methods. After Talbot and Marshall. 148 

The Mechanism of Color Vision 

Nornd Color Vision. Color vision is the term ordinarily applied to the 
abihty of an animal to distinguish between light of various wave lengths, 
inasmuch as several combinations of wave lengths may appear to have the 
same color, i.e., to give the same sensation, the discrimination termed color 
vision is not identical with wave length discrimination. However, the dif¬ 
ferential effect of wave length on the receptors is the fundamental basis of 
color vision. 

The most obvious fundamental evidence of color discrimination is ob¬ 
tained from color matching. To a normal human observer the spectrum ap- 
pears as a series of colors varying from dim red through orange, yellow, 
brilliant yellow-green, green, and blue, to dim violet. The colors seen by 
a normal observer can be duplicated with few exceptions by mixtures of three 
lights, a red, a green, and a blue light, provided each is independently ad¬ 
justable in intensity. Two lights are insufficient and four are unnecessary for 
most colors, but when a fourth light is present the matching is more perfect. 
A normal person is said to be trichromatic, by which is meant that he can 

duplicate the spectrum With three colored lights. 

Abnormal Color Vision. Some individuals with abnormal vision require 
lights of three colors to match any given color, but use an intensity adjust- 
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ment which is somewhat different from that used by normal individuals. 
These individuals are said to have an anomalous trichromatism or to have a 
color weakness, 1 i.e., a weak sensitivity to certain colors. Other individuals 
can match the spectrum with only two colored lights; they are said to be 
dichromatic or color blind. Other individuals are not able to detect any 
chromatic differences in the spectrum; they are completely color blind. 

Observers with dichromatic vision are of several types. One type, the 
deuteranope, can distinguish yellow from blue but not green from red, and 
sees both red and green as shades of gray. Another type, the protanope, is able 
to distinguish blue from yellow but not green from red, and, in addition, is 
less sensitive to red than a normal person or a deuteranope, i.e., he sees red 
not as various shades of gray, as does the deuteranope, but as a very dark 
gray or black. A third ana rare type, the tritanope, is able to distinguish be¬ 
tween green and red but not between yellow and blue. 

Color blindness of the first two types, deuteranopia and protanopia, and 
their respective color weaknesses, deuteranomaly and protanomaly, are in¬ 
herited as sex-linked characters and are therefore about twenty times as 
common in men as they are in women (total abnormality for men, 8.0 per 
cent; for women, 0.43 per cent). 

The Peripheral Mechanism of Color Vision. It was suggested by Thomas 
Young in 1807 that the fundamental mechanism of color vision was a dif- 



Fig. 141. The sensitivity curve (open circles) of the receptors connected with a single 
ganglion cell of the dark-adapted retina of a cat. The black dots represent the absorption 
of light by visual purple. U, Experimentally obtained curve from which curve P (in 
proper magnitude, p) is substracted to give the sensitivity curve of specific color receptors. 
From GranitA 


ferential sensitivity of the individual receptors. The theory was expanded by 
Helmholz in 1852 and finally, after the publication of more than 1200 papers 
by many investigators during a period of almost a century and a half, the 
supporting experimental data were supplied for an invertebrate eye by 
Graham and Hartline 49 and for the vertebrate eye by Granit, 37 







438 


439 


Comparative Animal Physiology 

Granit used the technique of placing microelectrodes on single tertiary 
neurones of the retina before they enter the optic nerve (Fig. 141), Then lie 
stimulated the area of sense cells connected to this fiber with light of known 
wave length and intensity and varied the intensity at each wave length until 
he determined the threshold of the fiber for that particular wave length. In 
this manner he was able to obtain sensitivity curves for individual visual 
units. Each unit consisted of the tertiary fiber and all sense cells and secon¬ 
dary neurones from which it received impulses. It was found that the units 
were not all the same. Some gave both the normal scotopic (dark-adapted) 
and photopic (light-adapted) sensitivity curves as the state of adaptation was 
appropriately changed, and this indicated that the same tertiary fiber received 
impulses from both rods and cones. Other tertiary fibers apparently received 
impulses only from cones. The sensitivity curves from exclusively cone units 
also seemed to be of several types, some with a narrow range and a peak in 
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Fig. 142. An explanation of color vision and color blindness based on the findings of 
Granit and his collaborators and on the histology of the retina. Ei, Ej, E», Et, recording 
electrode positions; B, blue-sensitive cones; G, green-sensitive cones; Y, yellow-sensitive 
Cones; R, red-sensitive cones. From Jahn.“ 

the blue, others with a narrow range and a peak in the green, yellow or red 
and still others with a wide range and a peak which coincided with the nor¬ 
mal photopic visibility curve. 

The above types of data can be explained by assuming that there are 
cones with narrow sensitivity curves with peaks in the red,- yellow, green, 
and blue, and that these are connected both singly and in combination to 
tertiary neurones, as demonstrated morphologically by Polyak. 187 The con¬ 
nections are shown diagrammatically in Figure 142. The fiber designated as 1 
is connected to numerous rods and numerous cones; this fiber has two sen¬ 
sitivity curves, one the normal photopic and one the normal scotopic, de¬ 
pending on the state of adaptation. It is called a "dominator” and is re- 
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sponsible for the sensation of brightness but is not responsible for color dis¬ 
crimination, The fibers designated as 2 and 3 carry impulses from single cones 
which have different spectral sensitivity curves with peaks in the blue, green, 
yellow, or red (B, G, Y, R). These are responsible for the ability to discrim¬ 
inate between wave lengths and are called "modulators.” The theory as out¬ 
lined here is called the “dominator-modulator” theory of color vision. 57,08 The 
electrical evidence obtained by Granit was recorded with electrodes at posi¬ 
tions designated as Ej to E, t . 

A composite theoretical curve of the tertiary neurones of the human retina, 
adjusted to fit the data on perception, is shown in Figure 143. For various 
reasons it seems better to assume four rather than three types of modulators. 
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f ; Fig. 143, Synthesis of the human photopic luminosity curve, D, after Coblente and 

j. Emerson (1917). B, G, and R represent blue, green, and red fundamental sensation 

curves. The K curve is composed of two modulator curves, My and Mr. From Granit. 8 ’ 

'(■ 

I' Four have been well demonstrated for the frog and three for the cat, and 

even more may be present. However, four will explain most of the data on 
human color vision and color blindness. For instance, if, in Figure 142, the 
red- and green-sensitive modulators are absent or non-functional, the person 
would be unable to distinguish red from green, both of which would appear 
gray, but the visibility spectrum determined by the dominator would be 
; normal; this is the condition in deuteranopia, Furthermore, if, in addition, 

all of the red-sensitive cones were non-functional, the visible spectrum would 
be shortened; this is the condition in protanopia. Tritanopia is subject to a 
comparable explanation. 

SUMMARY 

* Light (visible and ultraviolet) is an important quality of the environment 

:l which permits animals to locate food, to escape from predators, and to make 
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numerous behavioral adjustments. Light in excess is damaging, and many 
animals are protected by pigments in outer body layers. 

In order that light energy be effective biologically it must be absorbed and 
a photochemical reaction occur. Light-absorbing compounds of many types 
have evolved—chlorophylls in plant chloroplasts, melanins and others in 
chromatophores-but carotenoids seem to be universal in photoreceptors which 
initiate behavorial responses. From a kinetic analysis of behavior in molluscs 
from analysis of pigment extracted from retinas of vertebrates and cephalopods,’ 
from action spectra of various visual functions in molluscs, arthropods, and 
vertebrates, it appears that the carotenoid rhodopsin, or compounds very 
similar to it, is the most widespread and perhaps the most primitive animal 
photoreceptor carotenoid. Fresh-water fish have used a different substance 
porphyropsm, but reversion to rhodopsin occurred on migration to sea and 
to land. The photosensitive pigment is broken down under the influence of 
light according to a first order reaction and then is reformed from intermediates 
trom several sources by more complex reactions. 

The photochemical breakdown is followed by a series of events which lead 
ultimately to the reaction of the organism. One such event is the retinal 
potential which, in simple eyes at least, represents electrical activity of the 
sensory cells. Next appear impulses in the optic nerve; these may build up 
gradually, may start at a high frequency and then decline, may show various 
patterns depending on the synaptic organization of the retina. The events con¬ 
necting photochemical breakdown with retinal potential and this potential with 
initiation of nerve impulses are uncertain. The excitatory signal, whether it be 
transmitted m a nerve or from one part of a cell to another as in a flagellate, 
elicits a response which depends in part on the complexity of integrative and 
motor organization. 

Tl™ . 1.1 . i . 


The nature of the behavioral response is also influenced by the photo¬ 
receptor, whether it forms pattern images or merely signals light, whether it 
permits fine resolution of objects in a pattern, and its manner of response to 
tucker, lo make maximum use of stimulating light a variety of mechanisms 
have evolved which function in focusing, in varying the range of accom¬ 
modation,, in regulating the sensitivity of the sense cells and the amount of 
light reaching them in different states of light and dark adaptation. Some 
animals merely show increased activity on illumination, others orient toward 
or away from a light by indirect or direct paths and the orientation may vary 
according to the physiological state of the organism. Some animals go between 
two sources of light, others go directly to one of two sources. In more complex 
behavior the response is influenced by past experiences, competing stimuli, and 
other factors, but even here are direct responses as in pupillary constriction 
and some eye movements of mammals. The underlying principle in photo¬ 
reception is the quantitative relation between photochemical breakdown, 
action potentials, and behavior, even though the type of behavior may vary 

with type of eye and motor organization. 
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Chemoreception 


INTRODUCTION 


j ■ / jj any organisms utilize sensitivity to the chemical consti- 

/ W I tuents of the environment in the detection of food, 

—r — —■ initiating the necessary orientation to food, and in regu¬ 

lating the feeding habits and the ingestion of foods, and in the avoidance of 
chemically unfavorable environments. Among insects and some other animal 
groups chemoreception plays an important part in reproductive behavior, i.e., 
attraction of male to female, and in regulating deposition of the fertilized eggs, 
Chemoreception is, therefore, an important adjunct to the other sensory activi¬ 
ties of organisms, all of which are essential for survival and propagation of 
the species. 

The sense organs responsible for chemoreception have not been completely 
identified, but all the evidence seems to indicate three types which differ in 
sensitivity as well as in the role they play in animal orientation. Thd proto¬ 
zoans and sponges exhibit no specific chemoreceptors and it is generally agreed 
that, in these phyla, chemosensitivity is a consequence of the general property 
of irritability inherent in living matter, This general chemical sensitivity 
has been retained by the higher metazoans, including the vertebrates, al¬ 
though among the latter Parker 40 has suggested that specific receptors, free 
nerve endings in the skin or mucous membranes, are involved in general 
chemical sensitivity. 12 The outstanding characteristics of this general chemi¬ 
cal sense are its low order of sensitivity and the negative avoiding reaction 
which is typically elicited. 

In free living planaria, in insects, and in the vertebrates, there is excellent 
evidence for the existence of specialized chemoreceptors whose sensitivity is 
greater and whose role in organismic orientation differs from that of the gen¬ 
eral chemical sense. Koehler 40 has published evidence indicating the exist¬ 
ence of chemoreceptors located in the region of the auricular organs at the 
sides of the head of Planaria lugubris which serve to detect food quite remote 
from the organism, and of chemoreceptors located in the central anterior re¬ 
gion of the head which function in feeding when the organism has reached 
the food. Chemoreceptors similar in function to those of the planarian have 
been described and in part identified for the insects and for vertebrates, and 
it is generally agreed that these chemoreceptors fall into two sensitivity groups: 
those receptors which orient the animal to food at a distance being the most 
sensitive, and those which initiate and regulate feeding in the proximity of 
food being less sensitive. Even the latter sense organs, however, are much 
more acute than those mediating the general chemical sense. 

The classification of chemoreceptors into three groups, which is necessary 
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for clarity of discussion, poses the problem of names. In man chemorecep- 
tors are classified as olfactory sense organs, gustatory or taste sense organs, 
and the general chemical sense organs, in the order of their decreasing sensi¬ 
tivity. The application of this terminology to the chemoreceptors of other 
organisms not only has an anthropomorphic flavor but also leads to certain 
genuine difficulties. For instance, in man olfactory sense organs are com¬ 
monly stimulated by air-borne substances, and taste receptors are commonly 
stimulated by substances in solution, whereas in aquatic organisms both types 
of receptors are stimulated by substances in solution. One may well ask if 
aquatic organisms can smell. Olfactory sense organs have also been referred 
to as distance receptors, as opposed to taste receptors, which are stimulated 
by contact. Yet the superficial taste buds of fishes may be stimulated by food 
held near the flank of the animal. Taste receptors, by connotation, are asso¬ 
ciated with feeding responses, but among the insects there exist chemorecep¬ 
tors of equivalent sensitivity which function in oviposition. Dethier and 
Chadwick 20 have partially resolved the difficulty by calling this' group (taste 
and ovipositor receptors) contact chemoreceptors. This name, however, im¬ 
plies the essential condition of contact for this group of chemoreceptors only, 
which is certainly not the case. The sensory end-organs mediating the gen¬ 
eral chemical sense are also contact chemoreceptors, and, indeed, even the 
olfactory sense organs are stimulated only by eventual contact of the stimu¬ 
lating agent with the sense cell. 

In view of the fact that new names often serve to increase rather than to 
dissipate confusion, the human terminology will be adhered to in the follow¬ 
ing discussion, despite the above difficulties. The terms olfactory, gustatory, 
and general chemical sense should, however, imply chemoreceptors of particu¬ 
lar sensitivities rather than the particular sensations associated with these 
names. 

CHEMORECEPTION AND BEHAVIOR 

Chemoreception in the Lower Invertebrates. Protozoa are known to react 
positively to certain chemicals, negatively to others, and not to react to still 
others. For example, various solutions applied by means of a capillary pipette 
to a small portion of the surface of Amoeba proteus produce pronounced 
changes. Weak alkali causes the formation of a protuberance which develops 
into a normal pseudopod and results in locomotion toward the alkali. Weak 
acid or weak sodium chloride solution causes the formation of the protuber¬ 
ance, but not of a pseudopod. Stronger acid or salt solution may cause pseu¬ 
dopods to form on the side opposite the point of application, 

In Paramecium the cilia may be reversed by the presence of certain chemi¬ 
cals in apparently the same manner that they are reversed by contact or by 
rapid changes in temperature or in osmotic pressure, and reversal is usually 
followed by turning toward the aboral surface and then by forward move¬ 
ment in a different direction, It is the first stage of the avoiding reaction. 
This results in aggregation in a slightly acid region if surrounding regionsjre 
slightly alkaline. Similar effects probably occur in response to changes in 
gas concentration and may account for many of the aggregations which are 
often observed when Protozoa are studied on a slide under a cover slip. The 
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flagellates Bodo and Chilomonas, and many small ciliates, for instance, often 
aggregate at a given distance from the edge of the cover slip, Aggregation 
also occurs in oxygen gradients produced by other causes, e.g,, by the removal 
of O'i from the environment. 

The effectiveness of various ions on ciliary reversal of Paramecium has been 
studied by Mast and Nadler 43 and by Oliphant. 48 Monovalent cations are 
effective (K + >Li + >Na+>NFl 4 + ), bivalent cations are not effective, and 
anions have little or no effect. 

Sponges may react to certain irritant substances (strychnine, cocaine, ether, 
chloroform) by contraction so that the size of the orifice, and consequently 
the flow of chemical through to the animal, is reduced, Since there are no 
special sense cells and no nerve cells it seems that the contractile cells must 
be stimulated directly, 

Coelenterates are quite sensitive to meat juices, which, if added to the 
aquarium water containing sea anemones, may cause a great expansion and 
waving about of the tentacles. If meat juice is placed close- to the tentacles 
the mouth may open. Some anemones, at least, can discriminate between 
food and inert bodies. Filter paper if soaked in meat juice may be accepted 
by the tentacles and then rejected either before or after ingestion. However, 
a hungry anemone may swallow even stones, Nevertheless, there is excel¬ 
lent evidence of chemoreception in the tentacles of most or all anemones and 
around the mouth of some, but this sensitivity is not present in the remainder 
of the body. Jellyfish also react to meat juices. It has also been noted 38 that 
isolated oral arms of Aurelia and Cyanea give a normal grasping reaction to 
meat juice but not to sugars, starches, and glycogen. 

The orientation to food by a pond planarian, P, lugubris, has been studied 
in considerable detail by Koehler, 40 The food is placed some distance from 
the animal and the initial reaction is one of increased random motion on the 
part of the animal, called orthokinesis (see Chapter 11, pages 386-387), The 
next phase of the reaction consists of crawling along a very convoluted path, 
the turning of the animal occurring sooner if it moves into a region of lower 
concentration of the stimulating agent or agents than, if it moves into one of 
higher concentration, This type of activity, bringing the animal closer to 
the food in a very indirect mariner, is called klinokinesis, When the food is 
a short distance away, i.e,, 8 cm,, the planarian follows a path which leads 
straight to the food but it stops frequently and waves its anterior end from 
side to side, a type of behavior which indicates the comparison of intensities 
of Simulation at different times, called klinotaxis, When the animal is but 
several centimeters from the food, the path may be direct without any turn¬ 
ing of the anterior end, This type of behavior indicates the simultaneous 
comparison of intensities and is called tropotaxis. .The olfactory receptors 
are concentrated in regions at the sides of the head, in the auricular organs, 
and the taste receptors are located in the center. Chemoreceptors are also 
distributed generally over the external surface of flatworms. 

Most molluscs apparently locate food by means of their chemicalsenses, 
and terrestrial snails are reported to ignore food if they are separated from it 
by glass. The location of specific chemoreceptors has not been well demon¬ 
strated in most molluscan groups. The osphradia of most marine molluscs 
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are probably sensitive to both chemicals and touch.. Taste buds are described 
in the buccal cavity of some species, and ciliated papillae known as rhino- 
phores and regarded as olfactory sense organs are. found on the cephalic 
tentacles of many land snails. The cephalopods have chemoreceptors in pit¬ 
ted papillae just below the eye on each side of the head. 

Pecten reacts negatively to many substances, particularly to the juice of its 
natural enemy, the starfish. Chiton also reacts negatively to N/500 HC1, 
N/500 KOH, N/160 KC1, and M/1500 picric acid. Octopus also is sensi¬ 
tive to weak acid, to quinine, and especially to musk. 

Starfish have well developed chemoreceptors which are sensitive to meat 
juices and odors. A hungry starfish can be led about the floor of an aquarium 
by a piece of meat on the end of a pair of forceps. Asterias will carry small 
uninjured crabs on its back for an hour or more, but if the crab is crushed so 
that juices escape, the tube feet reach up immediately and pull the crab 
toward the mouth. Holothurians are sensitive to various chemicals, and the 
order of decreasing effectiveness for one series is as follows: HCl, atropine, 
acetic acid, KOH, KCl, maltose, acetamid, and glycerin. 

Annelids have fairly well developed chemical senses, and there also seems 
to be some differentiation into organs of taste and smell. Darwin demon¬ 
strated that earthworms could distinguish between green and red cabbage, 
onion leaves and those of either cabbage or horseradish, celery leaves and 
those of cabbage and parsnip, and also between leaves of carrots and those 
of celery. These experiments, and others, seem to be explicable on a basis of 
taste, probably localized in the taste sense organs of the buccal wall and 
pharynx. Darwin believed that selection in certain instances (as between 
onions and cabbage) might have been aided by odors. 

There are also, in the cuticle of the body wall of Lumbricus, sense organs 
which are very similar in structure to vertebrate taste buds and which seem 
to serve the same function. The earthworm is sensitive to quinine, and the 
distribution of susceptibility in various parts of the body parallels the distri¬ 
bution of the sense organs: the anterior end reacts to 0.04 per cent, the pos¬ 
terior end to 0.03 per cent, and the region just behind the clitellum to 0.2 
per cent. 

The oligochaete Eisenia reacts to acids and is reported to be. able to dis¬ 
criminate between H2SO4 and either HCl or HNO3. In contrast to the 
situation in human taste, in Eisenia the cation of salts seems to be more im¬ 
portant than the anion. Eisenia also reacts negatively when xylene, turpen¬ 
tine, or ether is held near the anterior end, but not when the substance is 
held near the posterior end. Therefore, it seems that Eisenia has two types 
of chemosensitive receptors. 

Chemoreception in the Arthropods. The Insects. Among the inverte¬ 
brate animals chemoreceptors have achieved a great degree of structural and 
functional differentiation in the insects. In the terrestrial insects and those 
aquatic species which are occasionally terrestrial, there is good evidence for 
the existence of two types of chemoreceptors: the olfactory receptors, which 
react to very low concentrations of compounds that are volatile at ordinary 
temperatures; and the taste receptors, which react on contact with liquids or 
substances in solution that may or may not be volatile at moderate tempera¬ 
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tures. In the aquatic species of insects the subject of two types of chemore¬ 
ceptors is controversial, and the problem is well reviewed by Dethier and 
Chadwick. 20 There is good evidence for the existence in insects of a third 
type of chemoreceptor which is excited at high concentrations, and the re¬ 
sulting response is usually an avoiding reaction. These receptors presumably 
mediate the general chemical sense previously mentioned (page 447). 


Placode 



Fig. 144. Diagram of a sensillum placodeum of the bee, vertical section. 
From Snodgrass.” 



Fig. 145. A, The erected antennae of a fly during flight, exposing olfactory pits to the 
air stream. B, Diagram of an olfactory pit showing the rod-like endings of the sense cells. 

(After Lieberman' l “ from Wigglesworth, 112 )’ 


structure, Functionally, the chemoreceptors of the insects tend to simu¬ 
late the chemoreceptors of the vertebrates, but structurally they are much 
more complex. Olfaction among insects is mediated by three types of sense 
organs: pore plates (sensilla placodea), thin-walled pegs or cones (sensilla 
basiconica), and thin-walled pegs or cones sunken in pits (sensilla coeloco- 
nica), illustrated in Figures 144 and 145. These olfactory receptors all pos- 
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sess a covering of cuticle which is partially or completely thin-walled; they 
are innervated by a group of bipolar sense cells; and each possesses minute 
refringent bodies, situated on the distal process of the neurones (Fig. 145). 
The olfactory chemoreceptors are commonly found on the antennae, but they 
also occur'on the maxillary and labial palps or their homologues. The recep 
tors on the antennae are generally conceded to be most sensitive, whereas 
those on the palps are used for the detection of strong odors. 2 " The morpho¬ 
logical nature of the chemoreceptors which normally function in feeding and 
opposition among the insects is uncertain, and the pertinent data are reviewed 
by Dethier and Chadwick. 20 Data advanced by Frings and O’NeaF indi¬ 
cate that chemoreception in the labella and the legs of the horsefly, Tabanus, 
is mediated by the medium-sized thin-walled hairs or by undiscovered sense 
organs in the integument beneath these hairs. Dethier 1 * has advanced evi¬ 
dence that long and short thin-walled spines located on the surface of the 
pre-oral cavity of lepidopteran larvae may function in contact chemoreception, 
Sense organs functioning in contact chemoreception have been demonstrated 
on the antennae of bees and ants, the mouthparts or adjacent surfaces of 
many species, the distal segments of the legs of bees, flies, and adult Lcpi- 
doptera, and the ovipositor of ichneumonids and braconids, and of Gryllus. 30 
Regarding the sense organs which mediate the common chemical sense, nei¬ 
ther their structure nor their distribution is known. 

behavior. The role played by the chemoreceptors in the behavior of in- 
septs is in itself a fascinating story, which is here only touched upon. Natu- 
ra ly occurring odors assist certain insects in recognizing and locating their 
mates in finding the proper opposition site, in recognizing their fellows, and 
m finding food. The fabulous story of the ability of certain moths (e.g., the 
gypsy moth and others) to attract the males of the species from distances 
greater than two miles by virtue of the liberation of an attractive odor from 
t e scent organs is widely known. That it is an odor which attracts the 
males is attested by the fact that males deprived of .their antennae do not 
orient to. freshly pupated females, and by the fact that males, in the absence 
°! the ™le, will.attempt copulation with the excised scent gland, with a 
piece of blotting paper previously touched to the scent gland, or even with a 
male which recently copulated and retained some of the female sex scent. 

. 1 these odors can orient males over such great distances staggers the 

imagination. Methyl eugenol is used to collect male oriental fruit flies 
from at least a quarter mile radius. The effect of odors in attracting gravid 
remales to optimal opposition sites has been shown for the parasitic 
, l meno P tera > a variety of Diptera, and the phytophagous insects. Not only 
do odors attract the females but often they actually induce oviposition. The 
parasitic Hymenoptera are particularly outstanding in the ease with which 
hey locate larval hosts buried several centimeters in wood. The female phy- 
op agous insects m general are oriented to lay their eggs on those plants which 
wfl serve as food for their larvae. The role of odors in the recognition of nest 
^ , as . f e ? Remonstrated. Ants which have been washed with water or 
I i W1 , °dy juices of other ants are treated as intruders, and ants which 
venpra C Q ° ^h^ir^aritennae show little tendency to fight ants of other 
genera. Social insects like bees live in a world of odors; they distinguish not 


Chemoreception 


453 


only individual odors but also caste odor, hive odor, sting odor, and wax odor. 114 
The most elemental and important chemical attractants are those which orient 
insects to foods. These attractants are, for the most part, odors. Often these 
odors are only sign posts indicating the presence of foods which do not con¬ 
tribute to the odor, Thus the beetle, Creophilus, orients to odors of decay¬ 
ing meat only to feed on the fly maggots developing there; most caterpillars 
are oriented to their food plants by the odors of essential oils, yet they de¬ 
rive no nutritional benefit from these oils, Once insects are oriented in the 
vicinity of food, other appropriate stimuli may be necessary to initiate feeding 
and for the continuation of feeding. Thus, wireworms aggregated in the 
vicinity of food fail to initiate eating, and larvae of Anosia plexipus , the milk 
weed feeder, will orient to strange leaves coated with milk weed latex but 
will spit out the first mouthful and will starve rather than eat the strange 
food. 1 * 

, Many insects possess a high degree of sensitivity to water vapor, and their 
behavior is affected by relative humidity (Gh. 2), In many respects this 
response to water vapor resembles that to olfactory stimulation. The sense 
organs necessary for orientation to water vapor are the pegs and pits located 
on the antennae. 20 The acuity of this sense is surprising: the mosquito Culex 
fatigans can distinguish differences of 1 per cent relative humidity near 
saturation, and wireworms can distinguish between 100 and 95.5 per cent 
relative humidity, The response of organisms to water vapor is not always 
constant and may vary with the water balance of the animal. 

Other Arthropods. Crustacea possess a definite chemical Sense which in 
decapods seems to be largely localized in the mouth appendages and the an- 
tennules, The external ramus of the antennules is well supplied with basi- 
conical hair organs variously known as aesthetascs, olfactory clubs or tubes, 
and tubules of Leydig. Other parts of the body are also chemoreceptive, 
even the hard carapace, which is supplied with numerous pores, at the base 
of which are sensory cells. 

Linndus apparently has contact chemoreceptors in the mandibles and 
chelae, and distance chemoreceptors in a wartlike bud anterior to the mouth. 

There is a considerable amount of controversial literature concerning the 
regional distribution of chemoreceptors in spiders, However, evidence indi¬ 
cates that they are widely distributed over the body, especially in the palps, 
the first two pairs of legs, and possibly in the mouthparts. 

Chemoreception in the Vertebrates. A high degree of structural and func¬ 
tional specialization of cell groups to mediate the senses of olfaction, taste, 
and the common chemical sense has been achieved by many vertebrates, In 
all vertebrates, with the possible exception of the reptiles, birds, and man, 
olfaction and taste are probably necessary for survival. The common chemi¬ 
cal sense probably serves organisms in a manner analogous to the pain sense, 
and therefore has survival value. 

structure. The morphology of chemoreceptors is much less diversified 
in vertebrates than in the insects, and the sense organs have been studied in 
detail in many organisms. The sense cells which mediate dlfaction in man 
are neurones located in the upper part of the nasal cavity. The olfactory end- 
organs cover a small area (2.5 square centimeters for each nostril of man) 
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in the superior part of the nasal cavity. In deer the area is much greater. 
During normal respiration of man most of the air does not pass directly over 
the olfactory organ, but this is supplied with air (and odors) primarily bv 
eddy currents (Fig. 146). The secluded position of the olfactory epithelium 
seems to be important in preventing desiccation of the protoplasmic processes 
o the olfactory cells. However,' in sniffing, the volume of air passing the 
olfactory organ is greatly increased. In dogs more of the air passes directly 
over the olfactory epithelium. Jacobson’s organ or the naso-vomerine organ 
located in the nasal septum, is well developed in some fishes and reptiles and 
is believed to function as an accessory olfactory organ. 

Histologically, the olfactory epithelium (Fig. 147) consists of the olfac¬ 
tory receptors (primary neurones) embedded in columnar epithelial cells 
some of which contain a yellowish-brown pigment and give the organ a 
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proper. In adult man the gustatory cells are limited to the sides and top 
of the tongue and to the epiglottis; in children they are also present in the 
cheeks. The tongue of man has four types of papillae: (1) Filiform papillae, 
which are conical projections covering the whole upper surface and tip and 
borders of the tongue, these are not concerned in taste but are more highly 
developed in cats, in which they are used as a rasp for cleaning meat from 
bones. (2) Fungiform papillae, which resemble button mushrooms in shape, 



Fig. 147. A, Diagram of a primitive sensory neurone. B, Typical vertebrate sensory 
neurone. The human olfactory neurones possess a peripheral cell body and resemble 
the type shown in A. Human taste neurones possess a centrally located cell body and 
resemble the type shown in B. After CajaF from Fulton. 11 " 

are less numerous and are scattered over the front, upper surface. These 
usually contain taste buds, (3) Circumvallate papillae, which are seven to 
ten in number in man, are larger than the two previously mentioned, and 
lie toward the back of the upper surface. Each papilla is a flat mound sur¬ 
rounded by a groove forming a moat, both sides of which contain taste buds. 
,(4) Foliate papillae, vestigial in man, which form vertical ridges at the edge of 
the back of the tongue. Each taste bud consists of a group of a dozen or more 
elongated cells, some of which have minute hairlike processes. The taste 
buds are embedded in the sides of the papillae, where they are sunk slightly 
below the surface, and the opening of the small cavity which is thereby 
formed is known as the gustatory pore. The hairlike processes of the sense 
cells project through the pore into the cavity between the papillae. 
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The general chemical sense in vertebrates is obviously a development of 
general irritability of all mucous membranes in man and of the entire extcrnil 
surface in aquatic animals. The receptors arc probably free nerve endings' 
behavior. In fishes olfaction is confined to the olfactory nits (only ® 
m the cyclostomes-monorhines), which in some fishes, e.g., the hammerhead 
Shark, are widely separated. In sharks, ray, and dipn,™ the «alZi* 
are on the ventral side of the head, and in some cases the nasal pits also haw 

whichT® T 6 “?• T u tdm ‘ S have dorsal| y mnail pits 
which do not open into the mouth, i.e., the water current is into the pit and 

to back out (Fig. 148) The taste organs of fish are widely 

They occur in the palatal organ of the mouth, the soft palate in a rinti 

around the opening of the pneumatic duct (in some fishes) which leads l 

he swim bladder; on the barbels; over the entire surhicc of the body; and' on 

the pectoral and dorsal fins. 1 ’ Fishes locate food by means of gustatory 
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most birds is similar to that of reptiles, The nostrils are narrow, horn encased, 
and dry. The tongue papillae contain taste-sensitive nerve endings, but they 
are not well developed. The presence of asafoetida, anise, oil of lavender, or 
prussic acid has no effect on the selection of food by turkeys. Neither do bit¬ 
ter and sweet substances affect selection of food among herring gulls. Ca¬ 
naries do not object to bitter aloes, but they do prefer sugar solution to plain 
water and refuse salt or sour solutions at concentrations above the human 
threshold. 

Among mammals the sense of taste seems to he well developed, but there 
is little definite information available. Mice apparently can taste saccharin, 
quinine, salt, and acid, and, as far as,the evidence indicates, seem to have 
about the same preferences as man, i.e., they react most positively to sweet 
and most negatively to bitter. Olfaction among lower mammals has been 
studied extensively only in rodents and dogs. Rats and other rodents either 
have a very poor sense of smell or else they learn with great difficulty when 
olfactory cues are used in training. All evidence indicates that their olfactory 
acuity is far below that, of man. 

In dogs, however, there is a vast amount of excellent evidence of an olfac¬ 
tory sense far superior to man’s. Dogs are capable of following human and 
other animal trails and of selecting objects which have been handled by their 
master. Dogs can also be trained to detect underground fungi (e.g,, truffles) 
with great accuracy. In trailing there are several possible types of olfactory 
cues. These are: (.1) earth odor from the compression and consequent 
stronger vaporization; (2) plant odor from destroyed vegetation; (3) odor 
traces from shoes and shoe polish; (4) odor traces from decaying animal or 
other organic matter; and (5) body odor of a specific individual. 

THE PHYSIOLOGY OF CHEMORECEPTION 

Sensitivity of Chemoreceptors. Olfactory and gustatory ehemoreceptors 
and those mediating the common chemical sense can he differentiated on the 
basis of their sensitivity. Parker and Stabler 50 have demonstrated that in 
man die threshold concentrations of ethanol required for stimulation of the 
olfactory, gustatory, and common chemical sense organs are 0.000125 M, 3 M 
and 5 to 10 M. Comparable values have been determined as rejection thres¬ 
holds in two species of flies. As a gas ethanol is rejected by the housefly at 
0.005 M and, in solution with 0,1 M sucrose in contact with the tarsal recep¬ 
tors of blowflies, it is rejected at 3.2 M concentration. 20 These results indi¬ 
cate that comparison of the stimulating effectiveness of the same compound 
on the three types of chemoreceptors of the same or closely related species 
permits a convenient classification. However, on examination of the rela¬ 
tive sensitivities of taste and smell, when the thresholds for the most familiar 
smell and taste substances are compared and expressed in terms of molecules 
per cubic millimeter, a continuous spectrum and overlapping stimulating ef¬ 
fectiveness is observed, 110 

Olfaction, It is generally recognized that the sense of olfaction is much 
more acute than the sense of taste. Man can detect the odor of methyl mer¬ 
captan at an approximate concentration of 9 X IQ -13 M. One milligram of 
skatol, to which man is even more sensitive, would make a hall, 500 meters 
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long, 100 meters wide, and 50 meters, high, very unpleasant. It is estimated 
that man, with one sniff of air containing mercaptan at the threshold con¬ 
centration, would draw in about 1 X 10 10 molecules. Consideration of the 
fact that there is only one molecule of mercaptan to every fifty thousand 
million molecules of air leads to some appreciation of the sensitivity of ol¬ 
faction. However, it should be noted that the surface activity of mercaptan 
and of odorous materials in general is such as to enhance the possibilities of 
increasing the concentration at the receptor surface. 

Among insects comparable sensitivity of olfactory sense organs has not 
been demonstrated, although the fact that the odors (lipoid, protein, or ester) 
emanating from the body of the female .gypsy moth attracts male gypsy moths 
torn distances greater than two miles attests to a great sensitivity. Threshold 
measurements with other insects show that the dung beetles (genus Geo - 
trupes) respond to the odor of skatol at concentrations of 23 X 1(H M 
and the tent caterpillar, Malacosoma americana, is repelled by a mixture of 
benzaldehyde at a concentration of 4.1 X 10~ 7 M.' 11 - » These values rep 
resent the response threshold level, and it is a safe assumption that the thresh- 
P. L ° 8 1 ?».!«. [. se !? se or 8 ans W0U M be significantly lower. Von 
<T V ’ Y h,S ? assic ex P eri “ conditioning the feeding response 
o bees to the odors of essential oils, demonstrated that the minimum per- 
ceptibie odor is approximately the same for the bee as for man (Table 64). 

Gw station. One of the most effective taste substances for man is quinine 
hydrochloride, which elicits an extremely bitter taste that can lie detected 

TABLE 64. COMPARISON OF OLFACTORY TNRFWnil ic nr 
CERTAIN INSECTS AND MAN 


Man 

(Recognition 

Threshold, 

mgm./l.) 


Species of Insect (Threshold of IWsjamse, 
mgm./l.) 


Skatol 

Indol 

Benzene 

Cyclohexane 

Ethanol 


Geotrupes sylvaticus 
G. vernalh 

Habrobracon juglmdh 


Musca domestica 


0.003-0.009 

0.003 

0.5-3.0 

3-5 

5-20 

230 


Benzaldehyde 


0.04 

1 (rejection) 
0.058 


- -.tfiasns? 

; ~si? stt 

chloride at concenriatom £ 1Q-* " ft™ Y 0 ' 

cepte of some butterflies with sue™ ,, 9 8 y ,n- m 11 “L'* 
with sucrose at 3.9 X 10- M. eliciK a “““ 





Chemrcception 


459 


TAMM 65. COMPARISON OF TASTE THRESHOLDS 
(from Dothicr and Chadwick ®) 

Compound Threshold Concentrations 

Sucrose man, 0.02 M; bee, 0.06-0.125 M; butterfly (Pyrmeis), average ca, 0 01 
M, m starvation as little as 8 X 10' s M, or for Damns, 9.8 X 10 “ 
Mj horsefly (Ttibmus), 0,005 0.11 M. 

NaCi man, O.OIW M; be«, rejects ca. 0.24 M in 0.5 M sucrose; various cater- 
pillars reject at 0.2 M, while others accept over the full range up to 
and including 5.0 M. 

1R3 man, O.OOI25 M; bee,'rejects 0.001 M in 1.0 M sucrose; various cater¬ 
pillars reject at 0.01-0.2 M. 

Quinine man, 1.5 X 10 ! Mj bee, rejects at 8 x H)"< M in 1.0 M sucrose; 

vuritiUH caterpillars reject at 0.002-0.033 M; aquatic beetles were 
cimiliiumcd to respond to 1.25 x 10 “ M. 


Not all gustatory end organs of insects arc equivalent in sensitivity. Thus, 
in the horse llv, the average threshold for sucrti.se is 0.021 M. for the labella, 
and 0.060 M lor tins tarsi, I he receptors on the antennae of bees are more 
sensitive than those on the legs, and those on the proboscis are more sensitive 
than those on the antennae. 

Humphrey, M using the frogs tongue and the technique of recording elec¬ 
trically from the appropriate nerve, demonstrated a reduction of sensitivity, 
after intense stimulation which lasted for several minutes. Although adapta¬ 
tion of gustatory receptors is slow, it is apparently of sufficient magnitude to 
produce changes in sensitivity. In addition to these variations in sensitivity, 
it has been nqxirtcd that the sensitivity of the same sense organs may vary 
from day to day, 

llu.’ Cotin nan Churned Sense, The concentration of ethanol necessary 
to stimulate the sense organs located in the mucous membranes of man is 
5 to 10 M. No comparable figures for the insects are available. Numerous 
experiments show, however, that substances which attract insects at one 
concentration may repel at a higher concentration. Indeed, most substances 
are optimally attractive at a particular concentration and decrease progres¬ 
sively as the concentration increases (Fig. 149). Substances which are re¬ 
pellent at low concentrations usually elicit a more violent repellent response 
at high concentrations. These changes in response suggest the participation 
of a new group of receptors, perhaps those mediating the common chemical 
sense, at these high concentrations. 

Modalities of Chemoreception. Olfactory Receptors. The sense of smell 
in man not only is the most sensitive of the chemical senses but also gives 
rise to the greatest variety of sensations. It has been estimated that the odors 
which a normal person can discriminate number between one thousand and 
four thousand. All efforts to reduce the olfactory sensations of man to some 


system, whereby mixtures of certain fundamental odors will reproduce all 
odors of experience, have met with notable failure. These odors are neces¬ 
sarily classified on a strictly subjective basis. It is hoped that such a classi- 
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It has been suggested that there are nine types of sense cells, each sensi¬ 
tive primarily to one of these classes of odors. Proof of die existence of these 
nine types would constitute a great step forward in the study of the theory 
of olfaction. There is .some evidence that during recovery from anesthesia 
the ability to smell odors of class 6 (empyreumatie) recovers first and that 
for odors of class 8 (repulsive) recovers last. It has also been found that 
fatigue of the olfactory organ to an odor of one class (or subclass) also causes 
reduced sensitivity to other members of the same class (or subclass). The 
best evidence of this nature was obtained by Ohma for the five subclasses 
of class 2. For instance, he found that camphor, eucalyptol, and eugenol, 
members of the same subclass, produced perfect fatigue for each other, but 
only partial fatigue for citrol and safrol which are in the same class but in 
a different subclass. 

The. olfactory capabilities of the insect chemoreceptors have not been ex¬ 
haustively explored. Von Frisch :il trained bees to find food in one con- 






SOUR SALT BITTER SWEET 




Fig. 150. Diagrams of the right half of the tongue of the human (above) and of the 
cat (below), indicating the areas of lowest threshold for the four primary tastes, deter¬ 
mined by punctiform exploration (human) and electrical recording (cat). After Hanig 
and Pfaffmann/’ 1 from Fulton."' 


tainer from which emanated the odor of one essential oil and related com¬ 
pounds. This odor was then presented simultaneously with other odors (in 
different containers) and the frequency of the visits to each was recorded. 
Of the forty-seven substances tested (all crude preparations of essential oils), 
three in addition to the training odor were attractive, The four essential 
oils were all distilled from citrus fruit and contained one common substance, 
limolene, and had similar odors as judged by man. Comparison of pure vola¬ 
tile organic compounds showed that bees react in a manner similar to man. 
Nitrobenzene and benzaldehvde, although of widely'diverse chemical struc¬ 
ture, are confused as one by man, as well as by the bee; methyl ester of 
anthranilic acid and beta naphthol methyl ether, which are nearly identical 


fication may eventually be replaced by one which is objective and based 
on some chemical or physical property of the stimulus. One of the earliest 
li a f e ^/ U jeCtive classifcatio ™ Pf odors is.that of Zwaarde- 
p,’ who cllvlc,ecl oclors lnt0 nine classes, with two or more subdivisions; 

1 fJ!!i Subdivisions 

2 AmmahV....(«)Fruit, (b) Beeswax, (c) Ethers 

........(a)Camphor, (k) Cloves, (c) Lavender, 

2 „ c (») Lemon, (e) Bitter almonds 

3. Balsamic or Fragrant... ( a ) Flowers, (fc) Violet, 

4, Ambrosial ....... 

« .W Amber, (b) Musk 

..• («) Sulphuretted hydrogen, 

/ . (b) Arsine, (c) Chlorine 

$ gar*.. wr«*. 

8 Renulsive.‘' .Cheese, (b) Rancid fat 

i N«uM,i n g «Rdd'w w BKl ’ k “ s 
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in structure, are easily differentiated by man and by bees. As far as is 
known, olfaction among insects is similar to olfaction in man. 

Gustatory Receptors. It is generally agreed that there are four fundamen¬ 
tal tastes: sweet, sour, salt, and bitter. The taste buds mediating these four 
tastes are more or less localized in certain regions of the tongue, as shown in 
Fig. 150. The taste buds sensitive to sour are on the back lateral surfaces, 
those for sweet and salt near the tip, and those for bitter toward the back. 
The distribution is somewhat irregular, and there is a considerable overlap¬ 
ping of the areas. However, when this separation of taste buds of different 
sensitivities is compared with the thorough mixture of the rods and cones of 
the eye, or of the olfactory cells, the simplicity of the problem of analyzing 
taste, compared with that of analyzing color vision or olfaction, is astound¬ 
ing. Here we have four definite sensations which are more or less localized 
in four different regions of the tongue, differing in position by as much as 
several centimeters, and which we can stimulate separately by merely plac¬ 
ing the stimulating material on different parts of the tongue. This arrange¬ 
ment permits an opportunity for experimentation which has been only par¬ 
tially exploited. 

The sour taste which is associated with all acid foods, e. g,, vinegar, sour 
milk, citrus fruits, and apples, is definitely a function of the hydrogen ion 
concentration. The pH at which an acid becomes detectable by its sour 
taste varies. For pure mineral acids the threshold pH is between 3.4 and 
3.5, and for pure solutions of acetic, lactic; citric, and butyric acids, it is be¬ 
tween pH 3.7 and 3.9. If a buffer is added, e. g., if Na-acetate is added to 
acetic acid, the threshold for sour taste is lowered to pH 5.6. With con¬ 
centrated buffers even neutral solutions may have a sour taste. Thus the 
excitation of receptors mediating the sour taste may not depend simply on 
the pH of the solution bathing the receptors. 

The typical salt taste is that of sodium chloride, but a number of other 
salts (KC1, NH4CI, LiCl, RbCl, NaBr, NFRBr, LiBr, Nal and UI) are also 
predominantly salty in taste. Other salts are both salty and bitter (KBr, NH<I), 
and still others (CsCl, RbBr, CsBr, KI, Rbl, and Csl) are predominantly 
bitter. 39 The sweet taste is elicited by many classes of chemicals. Salts of 
beryllium, lead formate, acetate, propionate, and isovalerionate elicit a sweet 
taste attributed to the metallic portion of the molecules. Among the organic 
compounds which elicit a sweet taste are the sugars, dihydroxy and polyhy¬ 
droxy alcohols, saccharin, dulcin, amino acids, and many esters. The sweet 
taste is quite often associated with a bitter taste, as is illustrated in the fol¬ 
lowing listing from Cohn. 10 

Sweet: glycol, glycerin, glycine, sugar, phloroglucinbl, saccharin, dulcin 

Sweetish: r-dimethyl tartrate 

Tasteless then sweet: sodium naphthionate 

Sweet and bitter: glyceraldehyde, p-chlorsaccharin, d-valin 

oweet then bitter: urotropin, aloin, p-methylsaccharin 

Sweet then disagreeably bitter: m-chlorphenyl alanin 

Sweetish and bitter: guaiacol ester of isovalerianic add 

Sweetish then bitter; magnesium benzoate, butyramide 

Sweet then bitterish: methylglyceraldehyde 
Sweetish then bitterish: Ethyl butyrate 


Chemoreception ^ 

The relative sweetness of sugars has been determined by a number of authors, as illus¬ 
trated in the following list," based on a value of 100 for sucrose: 

fructose . 173 rhamnose. 32 

glucose . 74 galactose . 32 

xy’ 0512 . 40 raffinose. 23 

maltose . 32 lactose . 16 

These values vary somewhat with the concentration, 

The bitter taste is elicited by a wide variety of chemical compounds. Some 
salts—e,g., caesium chloride, many iodides, many calcium, ammonium, or 
magnesium salts (MgS0 4 , or epsom salts)—are bitter, as are picric acid and 
the alkaloids, the latter being the most bitter of all compounds. A list of 
some of the substances which elicit a bitter or bitter-sweet taste, compiled 
by Colin, 10 reveals the wide variety of their chemical structure: 

Bitter: picric add, phenyl urea, glucose triacetate, strychnine 
Bitter then sweet: o-benzoyl benzoic acid, p-amino-azobenzene 
sulphonic acid, Heucyl-d-tryptophane, phenolphthalein, sodium- 
naphthoyl o-benzoate 

Bitter and sweetish: tetrachlorethyl ether, 2, 3-dichlorhexane 
Bitterish and sweet: hexenylglycerin 
Bitterish then sweetish: sodium ethyl sulfonate, 

Bittersweet, pungent: nitrostyrene 

I he method of choice in the study of the physiology of chemoreception 
is the recording of nerve spike potentials in the afferent nerves connected 
with the peripheral sensory end-organs. Such studies among the insects 
have met with consistent failure, 31 which is attributed to the low magnitude 
of these electrical transients in the small sensory nerve fibers; they are prob¬ 
ably below the noise level of electron tube amplifiers (i.e., several microvolts), 
Among the vertebrates several successful studies have been published, Pum- 
phrey 83 recorded from nerve fibers innervating the anterior portion of the 
tongue of the frog. He obtained records of action potentials (Fig. 151) from 
fibers which could be excited by applying acid and salt solutions to the 
tongue. Pfaffman 81 recorded action potentials from single nerve fibers in¬ 
nervating at least three different chemoreceptors, some of which could he 
stimulated by acid, others by arid and salts, and still others by acid and 
quinine. Notably absent were the chemoreceptors stimulated by sugar. Only 
one study has been reported in which sugar produced a response, 64 and this 
was observed only once. These results cast some doubt on the discrete na¬ 
ture of the chemoreceptors which mediate the different taste sensations, 

The evidence for four specific receptors may be listed as follows: (I) taste 
qualities are zonally distributed; (2) taste sensations are abolished by co¬ 
caine in the following order: bitter, sweet, salt, and finally sour; 40 (3) gym- 
nemic acid selectively abolishes sweet and hitter but not salt and sour; 40 

(4) papillae can be found that are sensitive to only one of the four tastes; 

(5) the threshold for electrical stimulation of the taste buds is different for 
the four different tastes; 3 (6) in the cat recorded action potentials from single 
fiber preparations indicate at least three different sensitivities: sour, sour and 
salt, and sour and bitter, 81 

If there are four, and only four, tastes, then it should be possible to dupli¬ 
cate any complex taste by mixture of four types of agent-sodium chloride, 
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sucrose, oxalic acid, and quinine hydrochloride. Many complex tastes can 
be duplicated in this way, and some investigators claim to he able to clupli 
cate all tastes by such mixtures. In experiments til’ this typH* the influence 
of other factors, especially of odors, must be carefully controlled. It can 
readily be demonstrated that if the nose is held dosed boiled turnips, apples, 
and onions have, almost the same taste, barn tastes like lamb, port wine like 
sugar, and claret wine like weak vinegar. 

So far there is no record of a person-being completely deficient in any 
one of the four tastes, i.e., there are no known cases of partial “taste blind 
ness,” although complete loss of taste may follow damage to the nervous 
system. However, some persons are unable to taste certain bitter substances 
to which others are quite sensitive. Snyder'* found that 68.5 per cent of 
individuals tested could taste p ethuxyphenyl thiourea, pMOCdiiNIl.C'S. 
NHg, but that 31.5 per cent could not taste the substance, Ability to taster the 
material is inherited as a non-sex linked character. Comparable differences in 
individual tasting ability are known for other materials.*"* 81 

W 


II 






Fig. 151. Action potentials recorded from a single fiber of the lingualis nerve of the 
trog m response to stimulating the appropriate urea of the tongue with 2 percent {«) a ml 
4 per cent (b) NaCl solution. Time is marked in 1/5 sec. From Pumphrey* 


Many insects respond positively to sugars and it has been demonstrated, 
using conditioning techniques, that Dytiscus trained to respond positively to 
sucrose will respond in similar fashion to glucose and 20 other sugars or sugar 
derivatives. 8 Von Frisch 88 found that all the sugars which are acceptable to 
the bee have an additive stimulating effect. There seems to be little doubt that 
the substances which taste sweet to man also give rise to a distinct sensation 
m insects. 

The situation concerning the other taste modalities in the insects is not 
at all clear. Dytiscus marginalis, Hydrous piem, and related species learned 
readily to distinguish between pairs of substances chosen from sucrose, NriCl. 
HU, acetic^ acid, and quinine, and could be trained to accept quinine 
and avoid NaCl. ■ B8 - B0 It was concluded that taste substances could 
be classified into the same four groups for these beetles as for man. In bets 
the stimulating effect is additive between NaCl and LiBr, NH 4 Br and HCi. 
bu? not between quinine and add. However, acids increased the repellencv 
of bitter substances such as aloin, arbutin, colocynthin, and salicin. It mav 
be said that for bees the taste substances fell into the four groups, hut 
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there is evidence for considerable interaction among the several modalities. 
Kings*" has advanced the hypothesis that the several taste modalities may 
merely he points in a continuous spectrum of taste sensation which may be 
related to penetrating power or some other surface-active property of the 
chemical agent, I he facts that some salts and alkalis at low concentration 
and all the sugars, which penetrate cells slowly, taste sweet to man and are 
acceptable hi insects, and that there exists a gradual transition from salty 
to hitter in the series of inorganic salts as their ionic mobilities increase, 
lend credence to this hypothesis. However, the additive stimulating effects 
of certain compounds and not of others and the similarity of response of 
conditioned insects to substances which taste alike to man are observations 
difficult to reconcile with the theory of brings. 

Although there seems to be some similarity in the taste of insects and man, 
there appear also to he some differences. Von Frisch 30 tested bees with thirty- 
four naturally occurring sweet substances and found they responded to only 
nine, and that these nine were found in the natural food of bees. Thus 
many jxmtoses, sugar alcohols, and true sugars are not accepted by bees. Sac¬ 
charin is not accepted by bees at lmv concentrations and is repellent at high 
concentrations. Acetylsaccharose, which is very hitter to man, is not rejected 
by the tee. 

Intensity Discrimination. Intensity discrimination has not been well 
worked out in either insects or man. Von Frisch 88 demonstrated that meas¬ 
urable differences existed in the response of tees to 1/8 M and to 5/32 M 
sucrose. Similar experiments show that the American cockroach and the 
horsefly, I'ahamts, can discriminate near threshold between two solutions 
whose concentrations differ by no more than the above factor. These data 
do not, of course, establish the lower limit of discriminative ability. 

The relation of tin* intensity of stimulation and the magnitude of the re¬ 
sponse in ehemoreception has received relatively little attention. Krinner, 41 
Crazier, ,!t * H and Husaina* 17 have demonstrated a rough linear relation be¬ 
tween magnitude of resjmnse and logarithm of the concentration of the stimu¬ 
lating agent, using a variety of different techniques. The technique of re¬ 
cording spike jxitentials from single nerve fibers innervating chemoreceptors, 
used by Humphrey 02 and Pfaffman, 51 has yielded results which indicate that 
the frequency of the nerve spike potential hurst (Fig. 151), which begins 
shortly after application of the stimulating solution, increases with increasing 
concentration of the stimulating agent. A graph relating the frequency of 
the nerve spike potential discharge to the concentration of the stimulating 
agent results in a curve that is roughly logarithmic, although no quantita¬ 
tive expressions have teen derived. It appears, therefore, that the response 
magnitude or intensity is related to the logarithm of die stimulating inten¬ 
sity for chemoreceptors as well as for the other senses (see Chap. 11, p. 415). 

Mechanism of Chemoreceptor Activation. Olfaction . Chemoreceptors 
which mediate the sense of olfaction in the vertebrates and those of insects 
possess hairlike processes which project from the epithelium. It is assumed 
that the odorous substance acts on these processes to initiate nerve impulses 
in the neurones. The manner-in which this act is accomplished is not known. 
Attention has been in the past and is at present concentrated on the chemi- 
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cal and physical properties which are directly correlated with the stimulation 
of the olfactory chcmnreceptors, in the hope of arriving at some common 
denominator which may aid in understanding the mechanism of stimulation, 

1 he relationship between chemical structure and odor is one that has at¬ 
tracted many investigators and is the subject of an enormous quantity of 
data, which has been adequately reviewed by Moncrieff. 40 The data relat¬ 
ing odor to chemical structure do not submit to any known simple treatment 
and hence are in a state of chaos. Moncrieff, in an effort to replace chaos 
by order, has arrived at sixty two general principles which relate chemical 
structure to odor, By way of summary it may lx; stated that whereas sub¬ 
stances of similar chemical structure (i.e,, a homologous scries) may have 
similar odors, there are numerous examples of isomers and of stereoisomers 
which have dissimilar odors and, conversely, of substances of quite dissimilar 
structure which have similar odors, In the final analysis, therefore, the cor¬ 
relation of odor with chemical structure is inadequate. 

The relationship between infrared absorption spectra (Raman spectra) 
and odor has received some attention in the past,** 1 - and it has been sug 
gested that heat waves are reflected to the olfactory epithelium according to 
the absorption spectra of the compounds. Recently Beck and Miles 1 -« have 
revived interest in this infrared radiation theory as a direct result of some 
work on olfaction in bees. However attractive this approach may be, it 
should be emphasized that certain optical isomers, which have identical 
Raman spectra, have different odors, and that certain isotopic molecules,,such 
as n-butyl alcohol and the deuterated -compound, have similar dots hut 
different Raman sj>ectra. ,ul I he correlation of odor with infrared absorption 
must, therefore, be regarded with some caution. 

Examination of odorous substances indicates that they possess in common 
certain properties which undoubtedly are related to their effectiveness in 
stimulating the olfactory chemoreceptors. - One primary requisite of all odor*-' 
ous materials is that they be volatile, i.e,, have a high vapor pressure at mod 
crate temperatures, so that molecules will readily leave the liquid or the 
solid state. A second common property of odorous materials is that they are 
readily adsorbed. Activated carbon will adsorb enormous quantifies of odor¬ 
ants but very small amounts of substances which are odorless (i.e., hydro¬ 
gen, nitrogen, oxygen, carbon monoxide, and carbon dioxide). A third com¬ 
mon property of odorants is lipoid solubility. It is true that many odorants 
are also water-soluble, but some of the most effective olfactory chemorecep* 
tor stimulants (synthetic musk, vanillin, indole) are relatively insoluble in 
water, the conjecture may be introduced at this point that the ready ad- 
sorption o odorants on the olfactory sense cells or their processes, coupled 
with lipoid solubility, may facilitate the concentration on and penetration 
of these substances into the olfactory neurones. 

Relatively recent work on the stimulative effectiveness of organic com¬ 
pounds on the olfactory sense organs of insects has yielded an interesting re- 
ation between stimulative ability and boiling point,’* Cook* 1 determined 
the optimal concentration (to flies) of a homologous series of alcohols from 
methyl to amyl and of esters from acetates to valerates, The optimal con¬ 
centration proved to be a linear function of the boiling point (Fig. 152), or 
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of any other property thermodynamically related to the boiling point. Simi¬ 
lar studies indicate that a consistent difference exists between normal and 
iso compounds, the normal compound being more effective; that ketones 
stimulate more readily than phenol esters and alcohols; 7 that esters are more 
stimulating than their alcohols; 17 and that increasing the chain length of 
homologous series of alcohols or esters results in increased stimulative effect¬ 
iveness. 5 " These results are essentially in agreement with the correlation 
between boiling paint and stimulating effectiveness. 

Gustation. In general, it is known that stimulation of the chemoreceptors 
which mediate taste in man and regulate feeding and opposition in other 
animals requires the contact of the stimulating substance with the sense or¬ 
gan in question. Just wluil happens after this contact has been established 
is not known, ami indeed, among the insects it is not clear what the sense 
organs are or precisely where they are located. It has been suggested 20 that 
the penetration of the stimulating- substances into the sense cells or their ad¬ 
sorption on the cell 'membranes is an important event in stimulation, and 
considerable data are in agreement with this suggestion. However, grant- 
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ing the adsorption or penetration of the stimulating agent, there is as yet no 
knowledge of the events leading to the initiation of the nerve impulses. 
Consequently, a comprehensive theory which is in accord with all the known 
facts of chemorcceptor stimulation is yet lacking. 

The role of chemical structure in stimulation of the gustatory sense or¬ 
gans has received considerable attention. Von Frisch, as a result of his sugar- 
feeding experiments with has, concluded that the factors involved in stimu- 
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lation are not related to structural formulae. It appears, therefore, that i 
chemical structure as a correlate of stimulating effectiveness may be dis¬ 
missed for the gustatory chemoreceptors as well as for the olfactory receptors. 

_ The correlation between stimulating effectiveness and lipoid solubility or 
oil-water distribution coefficients is in accord with all known facts of gusta¬ 
tory sense organ stimulation. This is illustrated by several groups of data. 

In man taste of the inorganic acids seems to be a simple matter of pH, but 
in the case of organic acids or of buffered solution the stimulating efficiency 
seems to be related also to the presence of undissociated acid. The simplest 
explanation for these findings is that the pH of the membrane or the cyto¬ 
plasm of the sense cell is the determining factor in stimulation. Undissoci¬ 
ated molecules penetrate the membrane more rapidly and then may become | 
ionized in the membrane or in the cytoplasm, thus producing an effective 
change in pH. la In this connection it has been demonstrated that the in¬ 
troduction of polar groups .(-OH, -Cl, -Br, -COOH, or -NH„) into the add 
molecule reduces its stimulating effectiveness, whereas the introduction of ad¬ 
ditional methyl groups or the lengthening of the carbon chain increases 
the stimulating effectiveness . 80 

Among the insects Frings 80 has shown that the stimulating effectiveness 
of several series of inorganic salts with a common anion increased in the 
following order, Li+ < Na+ < Mg++ <Ca++ = Sr++ < K+ < Cs+ = 

Rb + < NH 4 + <« H+, and this scheme is in agreement with most of 
the reported data on other animals, including man. The order of effectiveness \ 
of the salts is in accord with their ionic mobilities and also with their partition 
coefficients. Dethier and Chadwick 19 measured the rejection thresholds for 
a series of aliphatic alcohols, and .they obtained a high correlation between 
stimulating effectiveness and boiling point, molecular area, molecular mo¬ 
ments, vapor pressures, activity coefficients, and oil-water distribution co- 
e dents.^ Recently the same authors - 1 determined that the glycols arc rejected < 
y blowflies at logarithmically decreasing concentrations as the chain length 
is increased. 


SUMMARY 

The history of chemoreception is studded with man’s attempts to explain 
and rationalize the mechanism involved in the activation of these sense or¬ 
gans. Yet today this is still one huge question mark. True, the work relating 
physical and chemical properties of compounds to their stimulating effect¬ 
iveness may soon demonstrate those properties of the stimulus essential for 
activation °f chemoreceptors, but the question of mechanism of activation 
wilf still remain unanswered. This answer must be sought through investi- f 
gation of cellular changes in the sensory end-organ itself, a difficult but 
challenging problem. 
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Phonoreception 


1/ INTRODUCTION 

I honoreception is the process of detecting vibratory motion, usu- 

I ally of frequencies higher than several vibrations per second, in 
the surrounding medium. Stimulation occurs most commonly 
by means of sound waves in air (mammals, insects), but may also be pro¬ 
duced by sound waves in water (fish, amphibia), or even by vibration of a 
solid body against the skeletal structure supporting the phonoreceptive organ 
(bone conduction in man, utilized in certain types of hearing aids). 

Sound Waves. Sound waves in any medium consist of rapid vibratory mo¬ 
tion of the particles which compose the medium. The motion of one particle 
tends to disturb a neighboring particle, which in turn disturbs the next one, 
so that a wave of disturbance passes through the medium. When a tuning 
fork vibrates in air, the forward movement of the prong compresses the ad¬ 
jacent air, but the elasticity of the air prevents maintenance of this localized 
region of compression, and expansion occurs at the expense of the adjoining 
region, so that a wave of excess pressure emanates from the prong. In a simi¬ 
lar manner, backward movement of the prong sets up a wave of diminished 
pressure or rarefaction. 

If the tuning fork vibrates with the simplest to-and-fro movement it gen¬ 
erates what we call a "pure” tone, and its motion may be expressed quanti¬ 
tatively in two ways; by the frequency of its vibration, and by the ampli¬ 
tude of its excursion. The resulting wave may likewise be described by its 
frequency and intensity, 

The tip of the tuning fork and consequently any given particle in the 
medium undergoes simple harmonic motion in the principal direction of 
propagation of the wave, and its position if plotted as a function of time gives 
a curve that is described as a sine wave (Fig, 153), The pressure at any 
given point in the medium also varies as a sine wave which leads the dis¬ 
placement wave by 90 degrees, If motion of the fork is not a simple to-and- 
fro movement, then the form of the wave produced is complex, and so is the 
tonal stimulus. A complex wave may be resolved mathematically into two 
or more simple waves, which may then be described in terms of frequency 
and intensity. 

If a sinusoidally varying force is applied to an object whose resistance to 
motion does not vary linearly with the displacement, then the object will 
not move in a simple sinusoidal manner, and if its motion is plotted as a 
function of time the wave will appear to be a "distorted” sine wave. Such 
» a wave may also be resolved into two or more sinusoidal waves. If the ap¬ 
plied frequency is considered to be the "fundamental frequency of vibra- 
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tion, the resulting wave of motion will he found to be the algebraic sununa- 
tion of this fundamental and one or more of its multiples. The: multiples of 
the fundamental are referred to as "harmonics." In this manner improper 
adjustment of the anatomical components of the ear (e.g,, loose coupling 
of middle ear bones; unequal tension on the ear drum or basilar membrane, 
or any other elastic structure) could give rise to harmonies when the stimulus 
consists of a pure tone. 

The intensity of sound waves is defined as the rate of (low of energy 
through a unit area of the medium. Except for a few unusual conditions 
(especially those in which standing waves occur), the energy of a sound 
• wave is proportional to the square of the root-mean square value of, the al¬ 
ternating pressure. I he human ear is responsive to a very wide range in 



time->. 


hig. 153. Curves showing various aspects of plane progressive sound waves, together 
uutli their equations, in which ^displacement; /^amplitude; ^angular velocity^ 
Y , X ttet iueney; tetime; ^velocity of particle; ^alternating pressure; Pordensity 
or air; cnveiocity or sound. From Stevens and Davis. 4 " 


the energy of stimulation, and for convenience in expression and in plotting 
of data the scale used is logarithmic. A difference of one log unit (base 10) 
in energy is called a bel, and a difference of one-tenth log unit a decibel. 

The decibel (abbreviated db) is thus defined as ten times the logarithm 
of the ratio of two energies, but it can also be applied to two pressures, velo¬ 
cities, currents, etc., which are related to energy by a square law. The number 
of decibels in the ratio of two sound pressures thus become 20 times the loga¬ 
rithm of the ratio. The number of decibels (N) relating two energies (E) 
or two pressures (P) is therefore 

N = lOlog jT= 20 log Pl 
E a p, 

On an energy scale a tenfold increase is 10 decibels, but on a pressure scale 
a tenfold increase is 20 decibels. 

The ear can withstand a sound which has a million million times as much 
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energy as that which can just barely be detected. This difference may he 
expressed as 120 db and is just about the ratio of the energy of the sound 
of very loud thunder to that of a sound just at the threshold of hearing. On 
the decibel scale the intensities (i.e,, energies) of some common sounds are; 


120(11) 

Thunder 

60 

Conversation 

110 

Airplane engine 

50 

Quiet automobile 

100 

Holler shop 

40 

Average office 

90 

Elevated train 

25 

Average dwelling 

80 

Pneumatic drill 

15 

Whisper 

70 

Busy street 

0 

Threshold of hearing 


Since the decibel scale is one of ratios, it is necessary to have some standard 
for comparison. The threshold of hearing may be used for this purpose, 
but it is known to vary from person to person and also to vary greatly with 
frequency. Therefore, an arbitrary standard of 1 microwatt (a watt is a 
measure of the rate of flow of energy) per square centimeter is adopted for 
reference, and this approximates the average threshold for a 1000 cycle tone. 

Problems of Phonoreception. In the process of hearing the physiological 
problem of the animal is how to detect sound waves, how to distinguish one 
frequency from another, how to determine the relative intensity of each 
frequency, how to determine the direction from which the sound is coming, 
and, moreover, how to do all of these things simultaneously when the on¬ 
coming sound waves are of a high degree of complexity, consisting of many 
frequencies and intensities combined together in a complex disturbance of 
the medium. In some animals, e.g., in fishes, this problem is only partly 
solved in that there is a mechanism for detection of sound but almost none 
for analysis of the sound in terms of frequency. In man the mechanism for 
analysis is very good. In bats it may be better, in that the frequency range 
is much wider. 

PHONORECEPTION BY MAN 

Morphology: External Ear. The structure of the hearing mechanism of 
man is shown diagramatically in Fig. 154. The external ear, or pinna, leads 
into an auditory canal (external auditory meatus), which conducts sound 
waves to the ear drum or tympanic membrane. The external ear of man is 
too small to act as a concentrating reflector of sound waves and its principal 
function is that of scattering the waves so that some of the sound passes into 
the auditory canal. In donkeys and other large-eared animals, concentration 
by reflection may be important. The tympanic membrane, which separates 
the auditory canal from the middle ear, is slightly conical or funnel-like hi 
shape, is about 0.1 mm. thick, and is composed of an outside layer of skin, 
a layer of connective tissue, and an inner layer of mucous membrane, 

Middle Ear. The middle ear is filled with air and contains three hones: 
the malleus, the incus, and the stapes, which are attached to each other. 
Furthermore, one arm of the malleus is attached close to the center of the 
tympanic membrane and another projection is attached close to its periphery. 
Vibration of the membrane causes a rocking of the malleus about the per¬ 
ipherally attached projection, The incus is rather firmly fastened to the 
malleus so that, at least for motions of small amplitude, the two bones tend 
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to vibrate as a unit. This motion causes a rocking of the stapes, which is 
fastened eccentrically to the inner ear drum covering an oval window in the 
bony inner surface of the middle ear. There are two small muscles in the 
middle ear, one attached to the malleus and one to the stapes. Contraction 
of these muscles reduces the amplitude of the vibrations and thereby de¬ 
creases the sensitivity of the ear. Contraction is usually under reflex control, 
but in exceptional cases it may be voluntary. Below the oval window is 
another opening, the round window, which is also covered by a membrane, 
the auxiliary ear drum. The bones of the middle ear do not make contact 
with the membrane of the round window, the function of this membrane 
being to relieve the pressure exerted on the inner ear by the stapes. When 
the covering of the oval window is pushed inward by the stapes, the cover¬ 
ing of the round window bulges outward. The cavity of the middle ear is 
connected to the oral cavity by the eustachian tube, the function of which 
is to equilibrate air pressure of the middle ear with that of the environment 
and to serve as a drainage canal. 



Fig. 154. Diagrammatic representation of the ear. A, Schematic diagram of middle 
and internal ear. The oval window (unlabeled) lies above the round window and con¬ 
tacts the stapes. B, Schematic diagram of the ossicles of the middle ear, showing position 
of various members at rest and after inward displacement of tympanic membrane. Dotted 
lines and arrows represent path of sound waves. After Stevens and Davis"' from Fulton. 18 

The principal function of the middle ear is to transmit sound waves from 
air to liquid. Because of the ratio of the areas of the tympanic membrane 
and the stapes (90 to 3,2 square millimeters) and the reduction in total am¬ 
plitude of vibration (by a factor of 2) there exists a very considerable in¬ 
crease (roughly, 50 times) in the force which is available for driving the 
fluid of the scala vestibuli. This increase in force is of the proper order of 
magnitude to overcome the increase in the greater cross sectional impedance 
of the liquid as compared with air. In general, the middle ear seems to be 
a very efficient system for transmitting vibrations from air to liquid. Lower 
animals which have no middle ear are at a distinct disadvantage. 

Inner Ear. The inner ear is a fluid-filled structure housed in a complex 
system of cavities and tunnels known as the osseous labyrinth. The inner 
ear has two functions: detection of sound and detection of movement. De¬ 
tection of sound is accomplished by the cochlea, a spiral bony labyrinth 
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which is divided internally by membranes to form three long spiral canals. 
Detection of motion is accomplished within a group of three osseous semi¬ 
circular canals, more or less at right angles to each other, each of which con¬ 
tains a membranous canal (Ch, 14, p. 517). These two osseous labyrinths 
(cochlear and semicircular canals) open into a cavity, known as the vestibule, 
which is separated from the middle ear partly by bone and partly by the 
oval window. 

Within the vestibule are two membranous sacs, the sacculus and the 
utriculus, which open into each other. The utriculus also opens into both 
ends of the three membranous semicircular canals, and the sacculus is also 
connected to the cochlear duct or scala media, the middle of the three spiral 
canals of the cochlea. The sacculus, utriculus, membranous semicircular 
canals, and the cochlear duct together form a complete membranous laby¬ 
rinth, which may be considered as a loosely fitting lining of the osseous 
labyrinth. The cavity of the membranous labyrinth is filled with a fluid, 
the endolvmph, and the space between the membranous labyrinth and the 
bone is filled with another fluid, the perilymph, The two fluids are not in 
direct contact at any point; however, the space between the membranous 
labyrinth and the bone is connected by means of the perilymphatic duct with 
the subarachnoid space of the brain, and the cavity of the membranous laby¬ 
rinth is connected by means of the endolymphatic duct which ends blindly 
in the subarachnoid space. 

structure of the cochlea. In general appearance the cochlea resem¬ 
bles a snail shell with two and three-quarters turns to the spiral. It is about 
5 mm, in diameter at the base and measures about 9 mm. from base to apex. 
There is a central bony structure, the modiolus, around which the spiral 
cavity is wound. This cavity is separated into three spiral canals by two mem¬ 
branes: (1) the basilar membrane, broadest at the apex and narrowest at 
the base and held under some tension; and (2) Reissner’s membrane, a very 
thin, delicate structure which spirals on the apical or upper side of the basilar 
membrane. These two membranes extend throughout most of the length 
of the spiral but join each other and then stop just short of the apex, thereby 
leaving the upper and lower spirals joined by a small opening. 

A cross section of one of the spirals of the cochlea is shown in Fig. 155, A. 
The middle canal contains a relatively complex formation of sensory and 
supportive cells, known as the organ of Corti, attached to the basilar mem¬ 
brane, Above the organ of Corti is the tectorial membrane which, in the 
living animal but usually not in fixed material, is probably closely applied, 
and perhaps loosely attached, to hairlike processes of the sense cells which 
lie just below. There are four rows of sense cells, one inner row, toward the 
modiolus, and three outer royvs. The organ of Corti consists of the sense cells 
plus their nerve connections and supportive structure. There is a firm support¬ 
ing framework above the sense cells, consisting of two pillars lying between 
the inner and outer rows of hair cells to which is attached a semirigid but 
porous membrane, the reticular lamina. 

Vibrations are transmitted by the stapes to the perilymph of the vestibule 
through the membrane of the oval window and from there to the perilymph 
of the lower canal. Reissner’s membrane is very thin and delicate and offers 
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almost no resistance to the vibrations which pass into the endolymph. Vibra¬ 
tion of the basilar membrane causes a movement of the hairiike processes of 
the sense cell against the tectorial membrane, thereby probably giving rise 
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Fig. 155. A, Vertical section of the human cochlea showing the organ of Cortland 
adjacent structures. B, The organ of Corti and the basilar membrane in greater.magnifica- 
tion. (After Rasmussen, from Fulton, 18 ). 

to stimulation of the sense cell.; The sense cells are supplied with dendrites 
of ganglion cells of the auditory branch of the eighth cranial nerve, whose 
cell bodies are contained in a spiral ganglion located in the modiolus. 
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Function: The Microphonic Effect. Movement of the hair cells against 
the tectorial membrane gives rise to a voltage change across the sense cells, 
The free ends of the sense cells become negative to the basal ends whenever 
the basilar membrane is moved upward. This voltage change may be re¬ 
corded from various parts of the bony structure, including the round and oval 
windows. This voltage change of the sense cells is referred to as the "micro- 
phonic effect” of the cochlea. 53 The microphonic effect provides a method 
of determining the frequency sensitivity range of the cochlea of an animal. 

The microphonic effect can be distinguished from the nerve impulses by 
a variety of criteria: a short latency of 0.1 msec, as opposed to 0.7 msec, for 
nerve; absence of refractory period; resistance to fatigue, cold, anesthesia, and 
ischemia; ability to follow notes close to the upper limit of hearing (16,000 
cycles per second); and ability to follow faithfully the form of the incident 
sound waves, These characteristics lead to the assumption that the micro¬ 
phonic effect is comparable to that of an electrical transducer which passively 
converts mechanical energy into electrical energy in very much the same 
manner as movement of the needle in a phonograph pickup causes distortion 
of a piezo-electric crystal, thereby producing voltage change. 

Stimulation of the Nerve. There are two theories concerning the mechan¬ 
ism by which movement of the hair cells gives rise to impulses in the audi¬ 
tory nerve: (1) through the microphonic effect, and (2) through a chemical 
mediator. At present, evidence is not conclusive for either theory. 

The electrical theory assumes that the voltage of the microphonic effect is 
the stimulating agent. Evidence for this theory consists of the fact that all 
nerve fibers can be stimulated electrically, and the voltage of the micro¬ 
phonic effect seems adequate for the purpose. The utter simplicity of this 
explanation is most appealing. Furthermore, from a study of the timing of 
the microphonic effect and the nerve impulses produced by a volley of sound 
waves, it can be demonstrated that the latency of the impulse is constant only 
if it is assumed that stimulation is associated with the negative phase of the 
microphonic effect, i.e,, when the basilar membrane is moving up and the 
stapes out. 

Evidence that is often cited against the electrical theory is the long latent 
period, which is usually 0.6 msec, or longer. If properties of the auditory 
nerve are similar to those of other nerves the latency should not exceed 0.1 
msec. If we ascribe 0.1 msec, to latency of response and the rest of the latent 
period to conduction time, then the rate of the impulse in the unmyelinated 
portion of the nerve fiber (30 microns long) would be less tban 10 meters 
per second; However, there seems to be no real necessity of limiting the 
latency to 0.1 msec. At synapses, stimulation is delayed in exactly the same 
manner and for the same approximate times as at the sense cell-neural 
junction in the ear, and probably for the same reason. 

The theory of a chemical mediator assumes that a chemical substance is 
released by the sense cell under the influence of distortion in shape and that 
this chemical substance brings about the stimulation of the nerve. This 
theory permits one to account for the long latent period, but so far there is 
no proof for the existence of the mediator. If this theory could he proved, 
then the microphonic effect might be demonstrated to be purely incidental to 
the process of stimulation. 
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In general, it seems that stimulation of the dendrites hy sense cells may not 
differ from stimulation of axons hy dendrites of synapses. In both phenomena 
the principal evidence against tlu: electrical theory is the delay of the ini* 
pulse, and for this there seems to he an adequate explanation. 

The Range of Hearing, The normal human ear is sensitive to vibrations 
of frequencies between 16 and 20,(XX) cycles (or 20 kiltxyck-20 kc.) per 
second. At extremely high intensities the range has been retried even as 
low as 1 cycle per second. Data showing the thresholds at various frequen¬ 
cies as determined hy numerous investigators are shown in Fig. 156, The 
threshold is minimal at 1000 to 1500 cycles; at 100 cycles or at 15,000 cycles 
it is 40 to 50 db higher on the pressure wait* (in which 20 dh denotes a'ten¬ 
fold increase in energy). 
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Fig. 156. I he minimum audible pressure at the ear drum as a function of fremiency. as 
determined by various investigators. After Sivian and White,** from Stevens and Davis. 4 * 

At the threshold of hearing the amplitude of vibration of the tympanic 
membrane (calculations of Wilska” Fig 157) is less than 10° cm. at 3000 
cycles, and is 10 “ cm. at 1000 cycles. This represents an extremely high 
sensitivity to mechanical movement which is especially apparent when one 
considers that the wave length of green light is about 5 X 10” T cm. and the 
diameter of a hydrogen molecule is only somewhat more than 10 N cm. 
since the amplitude of vibration of the basilar membrane is less than that 
at the ear drum, it appears that the basilar membrane is sensitive to move¬ 
ments or 10 0 cm,, a distance equal to less than 1 per cent of the diameter 
of a hydrogen molecule! 

The Mechanism of Frequency Discrimination, The human ear not only 
is sensitive to the frequency range of 16 to 20,000 cycles, but it is able to dis¬ 
tinguish between tones of different frequencies, At an intensity of 40 db 
there are about 1500 recognizable differences in tone between 20 and 20,000 
cycles; at 60 db the number is about 1800. 

It can be demonstrated in a variety of ways that the base of the cochlea, 
he., the part next to the middle ear, is sensitive to vibration of high frequen* 
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cies, that the region toward the apex is sensitive to vibration of low frequen¬ 
cies, and that sensitivity to intermediate frequencies is distributed throughout 
the spiral. Maps of the cochleas of man and guinea pig are shown in Fig. 
158. Men and guinea pigs are sensitive to vibrations of about the same 
frequency range, but the guinea pig has one additional turn to the spiral. 

The allocation of response to particular frequencies to definite positions 
along the cochlea is usually referred to as the "place theory’ of hearing. 

Evidence for the place theory consists of the following: (1) Long exposure 
to loud tones of a given frequency destroys the organ of Corti at the corre¬ 
sponding place on the map in Figure-158. (2) Injections into the cochlea 
at various points along the spiral of drugs which are destructive to the organ 
of Corti will decrease the cochlear microphonics produced by the correspond- 
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Fig, 157. Curve showing the calculated relation between the amplitude of vibration 
of air molecules in a sound wave at threshold pressure. Hie circles show the amplitude 
of vibration of the ear drum, (After Wilslta;*’ from Stevens and Davis/") 

ing frequencies to which the particular areas are sensitive. (3) In human 
high tone deafness there is a degeneration either of the organ of Corti near 
the base of the cochlea or of the nerve fibers supplying this region. (4) Coch¬ 
lear microphonics are recorded with greater voltage near the apex in response 
to low tones and near the base in response to high tones. The region where 
each frequency produces the highest voltage may also be mapped by moving 
the recording electrode along the outside of the spiral, Furthermore, de¬ 
struction or disturbance of certain regions of the organ of Corti by drilling 
into the cochlea produces a rise in threshold for the cochlear microphonics 
at the corresponding frequencies. (5) It has been demonstrated 17 that single 
fibers of the auditory nerve are stimulated most easily by waves of a given 
frequency, less easily by adjacent frequencies, and very much less easily 
(threshold 30 db or higher) by frequencies differing by an octave or more 
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(Fig. 159). (6) Integration of curves for data on the just-perceptible-dif¬ 
ference tones as a function of frequency yields a curve which can be super¬ 
imposed on a plot of the position of the sensitive region as detected by the 
drilling experiments mentioned in (4) above as a function of frequency. 
This should be expected if the minimal detectable difference in frequency 
corresponds to the minimal detectable distance between two adjacent regions 
of excitation, and if this distance is constant throughout the length of the 
cochlea. Since the serise cells are about the same size throughout the length of 
the cochlea the latter assumption seems reasonable. (7) The mass of vibrat¬ 
ing material along the path of a sound wave from oval to round window is 
much less if the wave passes through the basilar membrane near the base 
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Fig. 158. Upper: Curve of intensity of stimulation necessary to elicit a just-measurable 
microphonic response from a cochlea which has sustained an injury.; Lower: Map of die 
cochlea of the guinea pig, indicating localization of pitch reception. This map is recon¬ 
structed from data of 20 experiments similar to that shown above, together with histo¬ 
logical examination of basilar membrane damage. The pitch localization map for man is 
deduced from the guinea pig data. (After Stevens, Davis and Lurie™ from Fulton. u ) 


than if it passes near the apex. Since the natural frequency of a vibrating 
system increases with reductions in mass, the natural frequency of the path 
through the basal region is higher than that through a region near the apex. 
In general, there seems to be no reason for doubting the place theory of the 
hearing mechanism. 

Transmission in the Nervous System. If we assume that each cross row 
of hair cells (e.g., each such row usually consisting of one inner and three 
outer hair cells), because of the geometry and physical character of its sur¬ 
roundings, is most sensitive to one frequency, then the next step in an ex¬ 
planation of the hearing mechanism is to show how information concerning 
stimulation of these cells is transmitted to the brain. There are about 3500 
hair cells on the inner row and about 20,000 equally distributed among the 
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three outer rows, The neurones of the auditory nerve are bipolar, have 
their cell bodies in the spiral ganglion which lies within the modiolus, and 
are between 25,000 and 29,000 in number. Each inner hair cell is innervated 
by one or two nerve fibers, and each of these nerve fibers is connected to one 
or two hair cells. The external hair cells, however, have a multiple innerva¬ 
tion. A nerve fiber may connect with many external hair cells, which are 
arranged over as much as one-half a turn, and each hair cell may be connected 
to several nerve fibers (Fig. 155). The inner hair cells, because of their 
connections to only one or two dendrites, may be used for more exact dis¬ 
crimination of frequency than the more numerous outer hair cells. 

The axons of the ganglion cells form the cochlear branch of the eighth 
cranial nerve. The fibers of this nerve are twisted around each other in a 
very orderly fashion, somewhat like the fibers of a rope. Those from the 


db below 2v 



Fig. 159. Curves showing the frequency response of four different auditory nerve fibers 
as a function of intensity. Note that the range of frequencies capable of exciting a given 
fiber increases with increasing intensity. After Galambos and Davis, 17 from Fulton. 18 


region about one fourth of the length from the basilar membrane are not 
twisted and form the core of the rope. Those coming from the apex are 
twisted in one direction and those from the base are twisted in the other. 
The genesis of this arrangement is readily understood from an embryological 
viewpoint, for the fibers merely follow the organ of Corti as it grows into its 
final spiral form. 

On entering the dorsolateral wall of the pons at its junction with the 
medulla, the axons of the cochlear nerve pass to the cochlear nuclei. From 
the dorsal and ventral cochlear nuclei impulses pass by way of the lateral 
lemniscus to the inferior colliculus of the midbrain and through the medial 
geniculate body to the temporal lobe of the cerebral cortex, Local exploration 
of each of the stations of the auditory pathway indicates fairly precise pro¬ 
jection of the cochlea. 
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Intensity Discrimination, The mechanism for the perception of intensity 
is apparently dual. 17 With increasing intensity of a given frequency there 
is: (1) an increase of the frequency of impulses in single nerve filters, espe¬ 
cially for high frequencies; (2) an increase in the number of fibers which 
carry impulses, As the vibrations increase in amplitude a wider and wider 
hand of sense cells responds. At low frequencies the impulses of a single 
fiber have a one to-one correspondence to the pressure waves of the stimulus. 
This is true below 5(K) cycles for the initial waves and at the frequency of 
200 cycles with equilibration. However, above these sound frequencies the 
frequency of impulses varies with intensity. For example, at 7(XK) cycles 
(Fig. 160) the frequency of discharge of a single liber may increase from 
less than 10 to as much as 135 per second as the intensity is increased from 
-82 to -30 db below a given reference level. It can also be seen from Figure 



Fig. 160. Curves showing the relation between frequency of spike potential discharge 
of a single auditory nerve fiber and the intensity and frequency of the sound stimulus. 

Note that with increasing intensity the fiber responds to a greater frequency band, and, 
at each frequency, with a greater frequency of spike potential discharge. After Gahmhas 
and Davis,” from Fulton “ 

160 that although this one fiber was responsive only at frequencies very close 
to 7000 cycles at -78 and -82 db it was responsive to all frequencies between 
5000 and 8000 at -20 db, with, however, a maximal response still at 7000. 

Sound Localization. One important function of the human ear, in addi¬ 
tion to discrimination of frequency and intensity, is that of localization of 
the,source of sound. A person with normal hearing is able to locate sounds 
with a surprising degree of accuracy. This is possible even with very com¬ 
plex sounds, such as that of a symphony orchestra, during which even a blind 
listener, if he is close to the orchestra, is able to locate the various instruments. 

Such localization is largely a function of the intensity differences and of the 
phase differences of the sound waves as they strike the two ears. For all 
tones above 500 cycles and especially for those above 5000 cycles, one ear may ' 
be in the "shadow" of the head. For a tone of 10,000 cycles loudness differ¬ 


ences in the two ears may be as much as 30 db, thereby contributing materially 
to the problem of localization. A phase difference means that the sound 
pressure reaches a maximum at one ear shortly before it does at the other ear. 
This should give rise to time differences of nerve impulses in corresponding 
nerve fibers from the two ears, especially for low frequency sounds, i.e., below 
800 cycles. Some individuals are very sensitive to this “phase effect,” and 
others are apparently insensitive. In general, for localization the phase ef¬ 
fect seems to be more important at low frequencies, and the intensity effect 
at high. 


PIIONORECEPTION BY OTHER VERTEBRATES 

In lower vertebrates the hearing mechanism is not nearly so well devel¬ 
oped as it is in mammals. From a very slight development in certain fishes 
it is possible to trace phylogenetic series showing the development of the audi¬ 
tory organ (Fig. 161). The sacculus and semicircular canals are found in 
cyclostomes and in all higher ehordates. Hagfishes, however, have only one 




Fig. 161. The labyrinths of various vertebrates. A, fish; B, turtle; C, bird; D, mammal. 
From von Frisch . 14 


canal, and lampreys have two; all higher fishes and higher vertebrates have j 
three. There is little if any differentiation of an auditory mechanism in the | 
cyclostomes. In most fishes the sacculus has a small evagination which is ! 
known as the lagena and which is supplied by a separate branch of the eighth | 

cranial nerve. In fishes of the suborder Ostariophysina and in amphibia the j 

lagena is larger, in reptiles, birds, and mammals it has become the cochlear j 

duct. The middle ear containing a single ossicle is first found in amphibians j 

and has developed into the highly efficient structure with three ossicles found j 
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in mammals. However, the same three bones are Found in fishes, in 
they are known as the Weberian ossicles and connect the air bladder to the j 

inner ear. 

Fishes. In fishes only the vestibule and semicircular labyrinths are present, 
and they have the dual Function of determining equilibrium and of serving j 

as primitive auditory organs. There is no middle ear. The sacculus of the 
trout is large, and there are three semicircular canals. The sacculus of fishes j 

generally has two small evaginations, the utriculus and the lagena. There are 
usually statoliths in all three divisions, and these statoliths are especially well 
developed in fish which produce sounds. The drumfishes, Aplodonitus and 
Sciaena aquila, have large statoliths, and Sciaena has been reported as being 
heard six feet above the water when it was swimming sixty feet below the 
surface. The sounds of the drumfishes are produced by movements of the 
air bladder, and since they are produced primarily by the males during the 
mating season it seems very likely that they are perceptible to the females of j 

the same species. 

There has been much contradictory evidence concerning whether fish can f 

hear, Most of the negative evidence, however, is based on experiments in 
which fish did not respond to sounds produced in air, This is often due to 
the fact that the air-water surface is almost a perfect reflector for sound waves, 
and therefore sounds produced above water are usually reflected rather than ii 

transmitted to the water. A man swimming under water may not he able ! 

to hear a pistol shot in air nearby, but he usually can hear sounds niade by I 

someone kicking the bottom of a nearby boat, or sounds made by knocking 
two rocks together under water. Likewise, sounds made by tapping the sides f 

of an aquarium may readily produce a response in fishes. 

Zotterman 01 measured a microphonic effect in the macular region of the \ 

sacculus of the pike, Esox Indus, and of the burbot, lota vulgaris. He stimu- ", 

lated the ear with the tone produced by a 60 cycle tuning fork and recorded 
a “macula effect" comparable to the microphonic effect in the mammalian 
ear, He also recorded nerve impulses when the ear was rotated in one direc¬ 
tion in the plane of & semicircular canal; with opposite rotation a response 
occurred only at cessation. The existence of the macula effect demonstrates 
that there is probably a mechanism for receiving sound of low frequencies. 

On the basis of behavior there is considerable evidence that fish have a Y 
high ability to hear sounds in water, Parker 30 * 31 demonstrated that dogfish 
are responsive to tapping of the aquarium, and that the reaction persists 
after cutting of nerves to the skin and lateral line, Cutting of the eighth 
cranial nerve, however, made the fish almost completely insensitive to sound. 

In the squeteague (Cynosdon) the same phenomenon could be demon¬ 
strated, 31 Moreover, in Cynosdon the sacculus is separate from the utriculus 
and semicircular canals, and Parker was able to show that after destruction 
of the utriculus and canals the fish still responded to sounds, although it 
lacked control of its equilibrium, Destruction of the sacculus alone was not 
possible, but a pin thrust into the large saccular statolith greatly reduced sensi¬ 
tivity to tapping. 

Bull, 7 by means of conditioned reflexes, has been able to demonstrate that 
eels are sensitive to a submerged 342 cycle buzzer, and that wrasse will re¬ 


spond either to the buzzer or to a 128 cycle tuning fork. The blenny, how¬ 
ever, responds to neither, Stetter 46 demonstrated that minnows, golden orfe, 
goldfish, barbels, miller's thumbs, and catfish respond to high notes, the min¬ 
now to frequencies as high as 4000 cycles, and the catfish to frequencies 
as high as 13,000. With use of the conditioned response method, it was found 
that two frequencies about an octave apart could be remembered and distin¬ 
guished, and the best fish learned even to discriminate a minor third. Some 



Fig. 162. Sections of labyrinth of the trout. A, Cross sections through the utriculus. 
B, Cross section through the sacculus, C, Cross section through the lagena, The statoliths 
are black. From von Frisch. 11 

fish were able to remember as many as five tones. In goldfish Manning 28 
showed that removal of saccule and lagena reduced the upper limit of response 
from 2752 to 688 cycles and that additional removal of the utriculus reduced 
the upper limit to 344 cycles. Stipetic 51 demonstrated that the fresh-water hsh 
Gnathonsemus were sensitive to frequencies of as high as 370 or 392 cycles 
jj 4 and could discriminate between intervals of a minor third (frequency ratios 
of 1.2 to 1.0). 
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In fishes of the/ suborder Ostariophysina (carps, catfishes, characins, and 
gymnotids) the lagena is large and contains a very large statolith. In the non- 
Ostariophysina both the lagena and the statolith are smaller. The statoliths 
of the sacculus, utriculus, and lagena of both the Ostariophysina and non* 
Ostariophysina are attached loosely by two marginal membranes to the wall 
of the vesicle in such a way that they are free to vibrate. As they vibrate they 
make contact with the sensory epithelium. This relationship is shown in 
Figure 162. 



Fig. 163. The coupling between the ait bladder and the labyrinth by means of Weber’s 

ossicles in the Ostariophysina. Weber's ossicles, black. Redrawn from v. Frisch. 14 

In the Ostariophysina hearing is very acute, and the air bladder is con¬ 
nected to the auditory organ, particularly to the sacculus, by a chain of bones, 
the Weberian ossicles (Fig. 163). This bony connection makes it possible 
for the air bladder to function as a hydrophone which picks up pressure waves 
over a wide surface of the body wall and transmits them to the ear by means 
of the ossicles. These ossicles are homologous to the bones of the mammalian 
middle ear, but are embedded in tissue rather than suspended in the air, as 
in mammals. The saccular statolith is especially modified for the reception 
of sound waves directed toward it by this bony mechanism, which is responsi¬ 
ble for the high sensitivity of these fishes. 

That the lateral line organs of fishes participate in reception of low-fre¬ 
quency sound waves has been demonstrated by Parker and Van Heusen 82 
and Hoagland 22 . Parker and Van Heusen showed that the lateral line organs 
of catfish are stimulated by sonic vibrations up to 344 cycles per second, as 
evidenced by absence of the response of the fish to auditory stimuli in the 


7 * 


absence of lateral line organ participation. Hoagland 22 demonstrated that 
the typical random discharge of spike potentials in lateral line organ nerves 
of catfish is synchronized when stimulated with 100, 200, and 250 cycles per 
second, but that the frequency of synchronization is not related to the fre¬ 
quency of the sound waves except at low frequencies. 

It has been demonstrated with operative methods by von Frisch 14 that in 
minnows the seat of hearing is definitely located in the sacculus and lagena, 
which are sensitive to frequencies of 32 to 5000 or 6000 cycles, and the utri¬ 
culus and labyrinth apparently have no auditory function. Low frequen¬ 
cies (below 100-150 cycles) are perceived also by the touch receptors of the 
skin, and very low frequencies (16 cycles) by the touch sense only, as shown: 


Lower limit 
16-32 


Sensitivity of sacculus 


Upper limit 
5000-6000 


Tone G C. C c c 1 c 2 c s c‘ c" C 6 

Frequency 16 32 65 129 259 517 1035 2069 4138 8277 

Sensitivity 
of touch sense 
of skin 

Amphibia. In amphibia the lagena is slightly longer than in fishes (Figs, 
164 and 165), but the principal new development is the middle ear, which is 
found in the Salienta but not in the urodeles. In the frog, for instance, the 



Fig. 164. Diagrammatic presentation of the ear of Amblystom, as seen 
from the posterior. From Adams. 1 

middle ear consists of an ear drum, an air cavity, and a bony rod, the col¬ 
umella, which connects the drum with the inner ear. This is an adaptation 
for transmitting the vibrations of air to the ear liquid, and therefore serves 
the same function as the middle ear of man. 

Urodeles are commonly considered to be deaf. However, Ferhat-Akat 11 
has demonstrated by means of training experiments that Amhlystoma is able 
to respond to frequencies as high as 194 to 244 cycles. Extirpation of the 
labyrinth reduced this limit to 97-122 cycles. The lower limit of response 
of the animal was not determined, but it was shown that the labyrinth did 
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not function below 32 cycles. The mechanoreceptors of the skin are ap¬ 
parently as important as the labyrinth. Ferhat-Akat also demonstrated that 
Amblystoma is able to distinguish between frequencies that differ in pitch 
as much as a miisical interval of a fourth or a fifth (frequency ratios of 
1.32 : 1 and 1.50 :.T). In a few experiments on Salamander maculosa 
larvae he showed that the upper limit of reaction was 1035 cycles. 

Frogs are relatively unresponsive to sounds, but they may have an acute 
sense of hearing. Yerkes/ 10 on the basis of a study of conditioned reflexes, 
reported that frogs can hear sounds between 50 and 10,000 cycles, but he did 
not obtain evidence of discrimination. Yerkes’ frogs continued to respond 
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Fig. 165- Diagrammatic presentation of the ear of the frog, as seen from the posterior. 

From Adams. 1 

after removal of the ear drum and columella but not after cutting of the 
auditory nerves. Adrian, Craik, and Sturdy s studied the microphonic effect 
in frogs and obtained responses between 50 and 300 cycles, with the maxi¬ 
mum sensitivity between 50 and 200. Ross 61 in a study of single nerve fiber 
preparations observed a response to vibrations of about 100 cycles per second 
but did not investigate the extent of the range. 

Witschi 38 demonstrated that during the early development of tadpoles the 
round window of the inner ear becomes connected with a bulge of the lung 
sac by means, of a fibrous cord. This cord becomes cartilaginous, pierces the 
dorsal aorta, and serves as an aortic columella which transmits vibrations to 
the inner ear. In this respect the aortic columella functions in the same way 
as the Weberian ossicles of fishes. The oval window serves as a pressure re¬ 
lease mechanism. During later development the aortic columella disappears 
and is replaced by the tympanic columella, which develops in the middle ear 
and makes contact with the oval window, The round window then serves 
as a pressure release, as in higher forms* 



Reptiles. It is in certain reptiles that structures characteristic of a true coch¬ 
lea make their first appearance (Figs. 161, 166). In alligators the lagena is 
attached to two sides of the surrounding cavity, thereby forming three ducts— 
the scalae vestibuli, media, and tympani,-and the floor of the lagena forms 
the basilar membrane. In all reptiles other than snakes there is a middle ear 
which contains a bony structure similar to the columella of frogs, except that 
it usually is composed of two bones. The tympanic membrane is usually de¬ 
pressed below the body surface to form an external auditory meatus, and in 
alligators there is even a skin fold which may serve as an outer ear. Snakes 
have no middle ear, and the outer end of the columella is attached to the 
quadrate bone of the skull. This arrangement makes snakes (even the 
cobra!) insensitive to air-borne sounds but very sensitive to earth-borne vibra¬ 
tions, such as those resulting from the footfalls of approaching animals. 
There is considerable evidence that rattlesnakes cannot hear their own 
rattling. 25 



Fig. 166. Diagrammatic presentation of the ear of a reptile, as 
seen from the posterior. (Adams. 1 ) 


The microphonic effect and the auditory nerve responses of reptiles have 
been studied by several investigators. Foa and Peroni 13 recorded impulses 
from the auditory nerve of Thalassochelys. Wever and Bray 03 found 
a microphonic effect between 120 and 1000 cycles for Chrysemys picta, 
with a high response below 500, and Adrian 2 found that the ear of 
Cistudo responded only to the narrow band of 80 to 130 cycles, with a maxi¬ 
mum at 110 cycles, and the impulse frequency of the nerve was the same as 
the stimulating frequency. A snake gave an irregular nerve response dis¬ 
charge in response to earth-borne vibrations but none to air-borne sound. 
Adrian, Craik, and Sturdy 3 obtained microphonic and nerve responses from 
tortoises, box turtles, and alligators. The range of the microphonic effect 
for the tortoise was 50 to 300 cycles with a maximal sensitivity of 50 to 200; 
that for the box turtle was 50 to 2000 cycles, with a maximum between 200 
and 800; the range for the alligator was 50 to 4000, with a maximum between 
300 and 2500. It was found that the upper limit of the nerve responses varied 
with temperature, and that a rise in temperature from 9° to 26° C. raised the 
maximal frequency of the nerve response from 200 to 500 impulses per sec- 
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ond. This variation with temperature makes the frequency of the nerve 
impulses relatively inconstant for the purpose of frequency discrimination. 
Therefore, as pointed out by these investigators, an adequate system of tem¬ 
perature regulation seems to be a prime prerequisite for frequency discrimi¬ 
nation. 

The lizards Lacerta and Tacky dronius respond to sounds up to 8000 and 
10,000 cycles, but there is no evidence that they are capable of frequency 
discrimination. 5,24 

Birds. The ear of birds is very similar in structure to that of reptiles (Fig. 
161 and Fig. 167), In the basilar membrane of birds there are only 3000 
fibers (24,000 in man) and there are 20 to 30 hair cells (4 in man) in each 
row across the cochlea. Therefore, one might expect a lower degree of fre- 



Fig. 167. Diagrammatic presentation of the ear of a bird (Gallus), as seen from the 
posterior. From Adams. 1 

quency discrimination and perhaps a lower frequency range than that of 
man. However, there is good evidence 23 that parrots and crossbills (Lorn 
curvirostra) have a frequency range of 40 to 14,000 cycles, and a sense of 
frequency discrimination approximately equal to that of man. Wever and 
Bray 55 demonstrated a microphonic effect in the pigeon for the range of 100 
to 10,000 cycles. 

In general, the hearing of birds is as well developed as that of mammals. 
The ability of birds to discriminate frequencies is apparent to anyone who has 
watched birds respond to the call of their mates or to signals of alarm from 
birds of the same or of different species. A walk through any bird nesting 
ground during the breeding season provides ample evidence of both hearing 
and frequency discrimination. This is also obvious in the mimicry of cer¬ 
tain birds (e.g., mockingbirds and catbirds) which copy the sounds of other 
birds, and in the mimicry of parrots which copy human speech. Birds are 
also capable of accurate localization of sound, provided both ears are normal 
and uncovered. 


Mammals. In all mammals the cochlea is highly developed, and in all 
mammals that are not completely aquatic the middle ear contains three os¬ 
sicles similar to those of man and an external ear is usually present (Fig. 168). 
The cochlea is always coiled, but the number of turns has no apparent rela¬ 
tion to the size or intelligence of the animal. The duck-billed platypus has 
a quarter turn; the whale has 1.5 turns, the horse 2, man about 2.75, cat 3, pig 
and guinea pig nearly 4, and the South American “paca” ( Coelogenys ) 5. 

Many mammals are sensitive to frequencies above the range of human 
hearing, i.e., in the so-called “ultrasonic” range. Pavlov 33 demonstrated that 
dogs have a wide frequency range and a power of frequency discrimination 
at least equal to that of man. We now know that the upper limit for dogs 



Fig. 168. Diagrammatic presentation of the ear of a mammal (rat) as seen from the 
anterior. From Adams. 1 

is about 35 kc., and “silent” whistles have a frequency well above 20 kc. The 
upper limits for some other mammals are: 50 kc. for cats, 40 kc. for rats and 
guinea pigs, 33 kc. for chimpanzees, and at least 98 kc. for bats. 

The hearing of bats is especially interesting in that not only does it serve 
as a means of warning of the approach of other animals and as a means of 
communication between individuals, but it also aids flying bats to locate 
objects in the dark. The vision of bats is poor, but because of their normal 
cave habitats and their nocturnal habits even good vision would be of little 
use in the avoidance of objects while flying. Caves which have sound-absorb¬ 
ing walls (e,g., lined with box crystals) are usually not inhabited by bats. . 

It was originally proposed by Hartridge- 1 that bats might emit ultrasonic 
cries which could be reflected from obstacles and, if heard by the bat, could 
thereby serve as a sound echo-ranging device. Through binaural localization 
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of the source of the reflecting material a bat might be able to locate an object 
with considerable accuracy. This method of echo location is directly com¬ 
parable to that of a radar ranger and localizer which broadcasts pulses of very 
high frequency radio waves and from the echo permits very accurate deter¬ 
mination of both the distance and direction of a reflecting surface. The system 
of the bat differs from radar primarily in that the waves emitted are high fre¬ 
quency sound rather than high frequency radio waves. 

Hartridge’s theory of avoidance of objects by bats was proved in a series 
of papers, 20> 181 1,1 and has since been confirmed by other investigators. 
It is definitely known that during flight bats of the genera Myotis, Eptesicus, 
and Pipistrellus emit brief cries of a sound frequency between 30 and 70 kc. 
and perhaps also of higher frequencies, with the highest intensity usually 
at 50 kc. Each cry has a duration of 0.001 to 0.002 second, and the cries 
are emitted about 10 times a second when the bat is hanging on a wall, about 
30 times per second when it is flying in unobstructed space, about 50 times 
per second when it is approaching an object, and usually only 30 times per 
second just before it flies past an object. The frequency of each cry begins 
at 70 kc. and drops to 30 kc. IS The emission of cries is facilitated by 
modification of the pharyngeal ventricles into pockets which act as drumlike 
; acoustic resonators for ultrasonic frequencies. Bats also emit audible sounds 
of 7 kc. and audible “clicks.” These sounds are apparently used for commu¬ 
nication with each other. The ultrasonic frequencies used are not of unusual 
occurrence in our daily life (e.g., key jingling, up to 98 kc.; air moving 
through a small opening, up to 80 kc.), but bats are the only animals known 
to make such use of them. 

Bats which have one or both ears covered or which have their mouths 
covered so that their ability to receive or emit sounds is impaired are unable 
to avoid obstacles as well as normal bats do. In fact, such bats show little 
inclination to fly at all, whereas normal bats can fly between 1 mm. wires 
stretched 30 cm. apart, with relatively few collisions. In studies of the 
microphonic effect in the cochlea Galambos has found that responses are 
obtained to an upper limit of 98 kc., the limit of the apparatus but below 
that of the bat. 

There has been a considerable amount of discussion recently on how a bat 
is able to locate objects so close that the reflected sound would be heard at 
almost the same time as the emitted sound; i.e., in the ear the cry and the 
echo would overlap. For instance, a bat can detect a glass plate at a distance 
of 2 feet, One suggestion is that bats might use the “trailing edge” rather 
than the “leading edge” of the series of waves which constitute a cry. 10 
Others are that bats (1) may use the Doppler effect, (2) may decrease the 
duration of the signal as they approach an object, or (3) may have the ears 
screened from the source, i.e., from the larynx. 21 The two latter possibilities 
seem 1 most likely. 

PHONORECEPTION BY ARTHROPODS 

Receptors in Insects 

Aside from the vertebrates, the insects comprise the only group of animals 
in which phonoreception has been intensively studied. However, although 
insects probably comprise the only group in which it is highly developed, 
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it should not be assumed that phonoreception is completely unimportant 
in the life of other arthropods. 

The phonoreceptors of insects are of two general types: (1) the tympanic 
organs, and (2) hair sensilla. The tympanic organs are highly specialized 
structures which are very sensitive as receptors, especially for high frequen¬ 
cies. However, it is well known that insects which possess no tympanic 
organs are sensitive to sound, especially to low frequencies, and this sensi¬ 
tivity is localized in hair sensilla. 

Morphology of Tympanic Organs. A tympanic organ consists of a thin 
region of the exoskeleton which acts as a tympanic membrane, an underlying 
air sac, and the sensory elements known as a chordotonal organ or scolopid- 
ium. Tympanic organs are paired structures which occur in the Orthoptera, 


b 



Fig. 169. Tympanal organs in the tibia of Locustids. A, Locusta foreleg, showing the 
slit openings of the tympanal sacs (after Weber"')' B, Transverse section of anterior tibia 
of Dectycus, through the tympanal organ (after Schwabe 41 ). a, opening on surface of 
tibia; h, blood channel; c, tympanal cavities; d, tracheae; e, blood channel with muscles 
and nerves; f, tympanum; g, rigid wall between the enlarged tracheae; h, crista acoustica, 
showing one chordotonal organ; i, sense cell. From Wigglesworth."" 

Hemiptera, and Lepidoptera. Among the Lepidoptera they occur only in 
the Noctuoidea, Geometroidea, and Pyralidoidea, and they are found either 
in the forepart of the abdomen or in the metathorax of the adult. Among 
Hemiptera they are probably functional only in adult Gicadidae, in which 
they occur in the abdomen. Among Orthoptera they are found in most 
species of Acridiidae, Tettigoniidae, and Gryllidae. In grasshoppers they 
occur in the abdomen, and in katydids and crickets they occur near the 
proximal end of the tibiae of the first pair of legs. They are present in late 
nymphal instars but probably are functional only in adults. 
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The tympanic membrane, when located on the body, generally lies in 
a cleft which forms an external meatus (Figs. 169 and 170), and it may 
be further protected by the folded wings or the femur of the third leg, or 
both. On the tibia there are usually two tympanic membranes on opposite 
sides of the limb. In many genera these membranes are protected by heavy 
folds which almost completely enclose them (Figs. 169, 170). In Gryllus 
the membrane is completely exposed, but is associated with a very long 
and prominent hair sensillum, which, on slight contact, evokes an immediate 
avoiding response of the animal. 

The chordotonal organs are the sensory elements of the tympanic organ. 
On the basis of morphological resemblance the term "chordotonal organ" is 
also applied to similar structures which are not associated with a tympanic 



Fig. 170. Sections through thoracic tympanal organs of Catocala. A, Horizontal 
section. B, Detail of organ on left side (after Eggers"). a, thorax; b, abdomen; c, tympanal 
pit; d, tympanum; e, tracheal air sacs; f, chordotonal organs; g, nerve. From Wiggles* 
worth.™ 


are auditory. In many insects the scolopidia are arranged in a row (the 
crista acoustica) near the edge of the tympanum in such a way that move¬ 
ment of the tympanum produces a relative movement between the sense 
cell and the scolopale. In other insects the scolopidia are in direct contact 
with the central portion of the tympanum (Fig. 170), so that the maximal 
amplitude of vibration is available for stimulation. 



Fig. 171. Schematic diagram of scolopidia. A, Scolopidium from a chordotonal organ 
(from Debauche,“ after Snodgrass'"). B, Scolopidium from Johnston’s organ (from 
Debauche," after Eggers"). From Wigglesworth.™ 


organ and, at least in some cases, do not have an auditory function. The 
noncommittal term "scolopidia" is also applied to all "chordotonal" organs, 
regardless of whether or not they are auditory. The non-auditory scolopidia 
are widespread in the insect body and are found in the legs, antennae, palps, 
wing bases, and the general body cavity. At least one end is fastened to 
some pliable region of the cuticle, usually the intersegmental membrane. 
Any movement, active or passive, of the animal which results in a relative 
change in the position of two segments is likely to cause stimulation of such 
scolopidia; they are also sensitive to external pressure, pressure or tension 
of nearby muscles, and general changes of the internal pressure in the blood 
or tracheal system. Those attached to tympanic membranes are distinctive 
only in that they are attached to membranes particularly sensitive to vibra¬ 
tion by sound waves in air. Vibration of the substrate which may cause 
a relative motion of the segments of an insect’s body or appendages may 
cause stimulation of the intersegmental scolopidia. It is also possible that 
some of the intersegmental scolopidia are auditory in function. 

The structure of a typical scolopidium is shown in Fig. 171. Each unit 
consists of a distal or cap cell which surrounds a scolopale, or sense rod, to 
which is attached the terminal filament of the sense cell, This terminal 
filament is surrounded by a sheath cell. The sense cell is a primary neurone 
with its cell body in the base of the scolopidium, These structures are 
fundamentally the same in all scolopidia, regardless of whether or not they 


Function of Tympanic Organs: Auditory Function. The range of 
sensitivity of the tympanic organs has been studied by recording electrical 
changes in the sensory nerves or central nervous system in response to 
stimulation by sounds of known frequency and intensity. Typical results 
are shown in Fig. 172. In one of the Acridiidae a response was obtained 
for stimuli of between 300 and 20,000 cycles, and the response did not occur 
after destruction of the abdominal tympanic organ. In the lower part of 
■ this range the sensitivity is very much less than that of man, but at 10,000 
cycles it is almost equal to the human sensitivity. In two katydids a response 
was present between 800 and 45,000 cycles; 54 in Gryllus from 300 to 800 
cycles; 34 in Locusts from 300 to above 10,000 cycles. 36 The threshold as 
a function of frequency for the tympanum of Locusts is shown in Fig. 172, 
in which it may be compared with that for the human ear and for the cercus 
of Gryllus. The response of the tympanal nerve is asynchronous; i.e., the 
various fibers respond apparently at random, and the character of the 
response does not change with frequency. These observations afford no 
evidence that the tympanic organ is capable of frequency discrimination. 

Regen 33 demonstrated that a female cricket was attracted to a telephone 
; which was transmitting the chirp of a male cricket. This response was 
| obtained with adult unmated females but did not occur with females which 
* \ V had been mated. 37 Also two male katydids in the same vicinity tended to 
sing in concert. 37 The concerts consisted of introductory and conclusional 
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„ and an intermediate period in which the chirps from the two partners 
alternated in a reRular manner. Rt*»“ then tried to substitute an art, total 
partner When he used males which had just become adult he was able to 
get them to alternate with a wide variety ol' musical sounds ot such a nature 
as to indicate a sound range nf«to 28,000 cycles, iowcoor. »b winch 
had previously suns with other males did not sing with l ie artiltctal partner. 
In both crickets and katydids" bilateral extirpation til die tympanic organs 
abolished the normal responses, but did not abolish all sensitivity to siltnd. 

Quality Dmmimtim. Kcgen's onporiwMs demonstrate eonelusively 
that insects are capable of detecting sounds and ala, ilat (at least in the 
two species studied) they are capable of a higlt degree f quality fatnmna- 
titm. However, he ohsenod that miniated female crickets responded to the 
male chirp over the telephone even when it was so distorted as to be unrce- 
ognnable to the human ear. if it is assumed tlnit the mechanism i.l nieog- 
nition is tire same in both crickets and katydids, then it seems that the qual¬ 
ities of sound which facilitate recognition in insects are not the same qualities 
which facilitate recognition by man. 

Wc recognize sounds primarily on the basis of frequency and to a lesser 
extent on the basis of amplitude modulation. I he structure ot the tympanic 
organ indicates that it functions poorly as a harmonic analyzer, as compared 
with the human car. In tettigonids and gryllids the scoiopidia ol the 
tympanic organs are arranged in a row and graded in size. In cicadas the 




Fig. 172. Frequency response curves fur different types of acoustic receptors. (After 
Pumphrey and Rawdotf-Smith 1 "). Ordinate, sound pressure above or below 10 dynes 
per sq. cm,, the zero point. Abscissa, frequency in cycles per second on log^scaje. A, 
normal human threshold; II, threshold of electrical response in cereal nerve of UymU 
threshold as measured electrically in the tympanal nerve of Locusto. From Wiggles 
worth. 5 " 

scoiopidia arc in a single mass, and all are about the same size. In acridiids 
the scoiopidia are in three groups on different parts of the tympanum. I here 
is no experimental evidence that these structures are very effective as fre¬ 
quency discriminators, hut neither is there much evidence that they are not. 
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It merely seems probable, on the basis of present evidence, that frequency 
discrimination is of a low quality. 

The next question is whether or not insects are capable of a high quality 
of discrimination of amplitude modulation. It has been proposed by Pumphrey 
and Rawdon-Smith :i ' 1, 11(1 that they are capable of such discrimination and 

that they are also sensitive to small changes in the frequency of the modu¬ 
lating frequency. It was demonstrated experimentally that amplitude modu¬ 
lation of a sound wave could produce a temporal pattern of impulses in the 
insect auditory nerve. Pumphrey and Rawdon-Smith propose that sound 
quality discrimination in insects is more a discrimination between amplitude 
modulation frequencies than between frequencies of the sound waves them¬ 
selves. The insect tympanic organ would therefore be more nearly com¬ 
parable to the audio detector in a radio set than to a harmonic analyzer. 
The human ear is constructed so that it is highly sensitive to changes in 
the modulated frequency, i.e., it is an excellent harmonic analyzer, but we 
are relatively insensitive to changes in the modulation frequency. 

If Pumphrey and Rawdon-Smith's theory is true, then the seemingly con¬ 
tradictory experiments on insect hearing can be explained. For instance, in 
Regen’s experiments the response of the female crickets'might be explained 
on an amplitude modulation basis, and so might the unresponsiveness of 
experienced male katydid concert singers who failed to answer unmodulated 
artificial partners. Furthermore, the more common insect sound-producing 
methods, e.g., the rubbing together of legs and wings, are probably more 
adaptable to the production of amplitude modulated sounds than are the 
air column devices of vertebrates. This theory of Pumphrey and Rawdon- 
Smith is one which warrants considerable investigation. 

Sound Localization. Regen ;,N observed that unmated female crickets 
oriented toward a chirping male at a distance of ten meters or more, and 
that they tended to move toward the male along a straight line.. Females 
deprived of one tympanic organ reached the male over a more devious path. 
It is evident that the female was capable of locating the sound. 

In man, localization is determined by intensity and phase differences 
in the two ears produced as a result of their separation and of the shadow 
effect of the head. In insects the influence of these two factors is very much 
less, and they are probably insignificant. However, the structure of the 
tympanum indicates that, especially when exposed on the body surface, it 
may serve directly as a localizer, Pumphrey and Rawdon-Smith demon¬ 
strated this for Locusta. They used a monophasic transient sound wave as 
a stimulus and determined the intensity necessary to stimulate the isolated 
tympanic organ as a function of the angle of incidence. The threshold was 
determined by electrical recording from the nerve. The tympanic organ has 
very definite directional characteristics which, in general, are comparable to 
those of a “ribbon” or “velocity” microphone. Since the stimulus used was 
a monophasic sound wave it was possible to compare the response ot h 
tympanum to a “push” or “pull.” No differences were found either in the 
threshold or in the latent period when the stimulus was reversed. 1 his is n 

striking contrast to the vertebrate cochlea, , , c 

Hair Sensilla as Phonoreceptors. It is well known from the work ol 
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Minnich 28129 that caterpillars are sensitive to sound, and that this sensitivity 
seems to be localized in hair sensilla. In the hairy caterpillar Vanessa antiopa 
sound waves of frequencies below 1000 cycles cause a contraction of longi¬ 
tudinal dorsal muscles which raise the anterior end of the animal. The lower 
frequency limit of response was below 32 cycles and was undetermined. The 
response could be reversibly abolished by application of a water spray or of 
flour to the hairs. These experiments were repeated with various species, 
and it was found that relatively hairless caterpillars also responded but at a 
higher intensity. 

Pumphrey and Rawdon-Smith 30 studied the electrical changes of the 
nerve from the anal cerci of various adult Orthoptera in response to sound 
waves. The threshold curve for the cricket is given in Fig. 172; curves for 



Frequency (c./setO 


Fig. 173. Curves indicating the frequency response of a cercus preparation of Gryllus 
(a) and the human ear (b). The points are experimentally determined and the line (a) 
corresponds to a constant displacement of 56 m/t of the distal end of the hair. (Pum¬ 
phrey, 2 *) 

locusts and cockroaches are similar. The end-organs are the long hair 
sensilla, and the responses can be inhibited by coating the cerci with dust or 
petroleum jelly. At low frequencies there was a synchronous response in 
the nerve, i.e,, one impulse for each sound wave* This synchrony was pres¬ 
ent initially up to 800 cycles, but, as in the mammalian cochlea, “alterna¬ 
tion” may be shown at higher frequencies. The lower response limit was 
not determined, but it probably is well below 50 cycles. 

Movement of the hair sensillum produces a displacement of the dendrite 
of the sense cell. The threshold displacement of the dendrite calculated 


Phonoreception 


499 


by Pumphrey and Rawdon-Smith is less than 5 fi. The threshold rises with 
frequency (Fig. 173). The sensilla seem to operate as pure displacement 
receptors over the investigated frequency range, and there is no evidence 
of resonance phenomena. Curve (a) of Fig. 173 is drawn on the assump¬ 
tion of a constant displacement of the distal end of the hair of 56 m/x. This 
type of mechanism is probably sensitive to very low frequencies and may 
also function in determining vibrations in the substrate. 

Other Orthopteran Receptors. Pumphrey and Rawdon-Smith 30 have 
also recorded a response from the abdominal segmental nerves of the locust 
in response to sound, especially when the frequency was about 1400 cycles. 
The threshold curve indicates sharply tuned resonant structures which 
Pumphrey and Rawdon-Smith assumed were short stiff sensory hairs. How¬ 
ever, no such hairs were found. Melanoplus 44 has segmentally arranged 
scolopidia which may be auditory in function. If their function is auditory, 
and if these scolopidia occur in Locusta, then they may be the structures the 
sensitivity of which was studied by Pumphrey and Rawdon-Smith. 

Receptors in Other Arthropods. 

Spiders are sensitive to sound waves in air, and the location of the sense 
organ is as yet undetermined. However, it seems probable that the hairlike 
projections on the surfaces of non-insect terrestrial arthropods may serve as 
acoustic detectors as do those of insects. Furthermore, web-building spiders 
are capable of very accurate orientation toward a sound that is transmitted 
through the web or its supports, 4 and the logical place to look for the respon¬ 
sible receptor seems to be in the hair-like processes. 

It is also known that Mysis l> and Palaemonetes are sensitive to sound 
waves in water and are less sensitive after extirpation of their statocysts. 
The statocyst, although primarily statoreceptive, apparently has a dual func¬ 
tion, as does the sacculus of fishes. 
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Mechano- and EquilikiunvRcception 


I iie position or Ai rmroi; assumed by an animal in its em'mmmegt 
is usually the result of a complex of reactions. Several kinds tj 
... stimuli—light, tempera!ure, mechanical contact, gravity.may simul¬ 

taneously affect different sense organs. One sense modality may at times k 
dominant, or the sum total of sensory stimulation may determine the attitude 
the animal assumes. The orienting effects of light, heat and cold, and of chem¬ 
ical and auditory stimuli have been discussed in previous chapters. Animals 
which live on a firm substratum are continually subjected to contact stimuli; 
motile organs and appendages are regularly stretched or extended and re 
traded, thus subjecting moving tissues to tension. Most animals orient with 
respect to gravity, and many have special equilibrium receptors. Thus me 
chanical stimuli are common, and all animals are sensitive in some way to 
mechanical stimulation. Sound is high-frequency mechanical stimulation; 
we are here concerned, however, with stimulation by low-frequency mechan ¬ 
ical stimuli and by gravity or equilibrium alteration. 

MECHANORECEFTION 

The sensitivity of cells to mechanical deformation of their surface is a 
more widespread phenomenon than is commonly supposed. Some cells, the 
phonoreeeptors, are specialized in sensitivity to low amplitude vibration; 
' others, tactile receptors, respond to the greater deformation of touch; still 
others, tension receptors, are specifically sensitive to distortion by stretch. 
Tactile and tension receptors are more widely distributed than any other 
type of sensory cells, especially in appendages; they are rarely restricted to 
particular organs. Changes in equilibrium may he detected by special organs, 
statocysts, but these are supplemented by scattered tension receptors. 

Nature of Mechanical Stimulation. The cellular phenomena associated 
with mechanical stimulation are poorly known. Nerve axons have ken 
stimulated mechanically with an air jet, and the relation between pressure 
and duration of stimulus needed to elicit a response has been shown to re¬ 
semble a conventional strength-duration curve as obtained with electrical 
stimulation.” Presumably the mechanical deformation causes local potential 
changes which initiate impulses electrically. An amoeba stimulated by a 
weight dropped on the coverglass stops locomotion with a latency which 
varies inversely with strength of stimulus; after one response a recovery time 
is required before the amoeba can respond again* 1 It would be of interest 
to examine quantitatively the responses of many types of cell to mechanical 
stimulation of various kinds. 
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Histological Types of Mechanoreceptors. The differentiation in the course 
of evolution of certain epithelial cells into mechanoreceptors and chemo- 
receptors probably occurred before the differentiation of conducting nerve 
cells. In all animals with nervous systems there are specialized mechanore¬ 
ceptors of one or more histological types. The simplest are free nerve end¬ 
ings; these may lie between epithelial cells, as in the earthworm, or may be 
in the deeper portion of the skin, as in vertebrates. They usually have a high 
mechanical threshold and may be stimulated by various noxious agents; 
that is, they are often pain receptors. Another simple type of tactile receptor 
is a terminal bulb, as in the frog skin, or Merkel’s discs, in mammalian 
skin. Sensory hairs are widely distributed in many kinds of animals, and 
at their base there may he free endings, knobs, or specialized spirals. 
Arthropods have many sensory hairs at joints along various appendages, 
such as antennae, legs and wings. In insects there are also short sensory 
spines and more pliable setae with bipolar sense cells. Frequently sense cells 



Fig. 174. Schematic drawing of section of skin and its appendages. (Andrews.) 

have a short sensory hair and are grouped in organs, as in the- earthworm 
(Fb, 175). Several types of encapsulated endings have been described for 
mammals, particularly the pacinian corpuscles of tendons and mesentery 
(Fig. 176), and Meissner's corpuscles of the skin (Fig. 174). ; 

The distribution of proprioceptors is less well known than that of tactile 
receptors, but in mammals, birds, reptiles, and amphibians there are spiral 
structures such as the spindles of tendons and intrafusal muscle fibers which 
respond to a pull (Fig. 177). Muscle spindles are lacking in fish bu there 
arc tension receptors in fish murele. The proprioceptors of vertebrates are 
usually arranged to respond to tension in small bundles o muscle hbers, 
whereas in insects they respond more to strains in the article. In tejm- 
uniform sensilla of insects a terminal filament ends in a rod under a cuticular 
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Fig. 177. Diagram of nerve endings in mammalian skeletal muscle. 
From Maximow and Bloom. 07 


Fig, 176. Section of pacinian corpuscle of cat mesentery, a, Terminal arborization; «, 
nerve fiber in core; f, central channel; c, i endothelial cells of lamellae. From Schafer. 
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dome which magnifies surface strains (Fig. 178); campanifom. sensilU are 
abundant on the basal joints of extremities, on wings, on the halteres ot Up 
tea, and elsewhere. Chordotonal sensilla have a sensory ™ 

tic strand stretched between two points on the body wall; they often 
at the base of wings. Johnston's organs resemble chordotonal sen* and 
occur on the second 8 antennal segment (Fig. 171); they are stmrulated by 
movement of the antenna at its base, „ , 

There is also wide variation in the location of the nuclei of the sensory 
neurones. In the earthworm, for example, epidermal sense cells synapse■»» 
peripheral plexus with the afferent neurones, and there are MlI 
calls per afferent fiber. In Crustacea a single fiber enters a sensory hair and 
the nucleus lies at its base. The cell bodies of mmt tactile and. m n “I" e 
endings of vertebrates are located in dorsal spinal ganglia or in sensory cen 
1 if the lower brainstem. It is apparent from the differences in form an 
arrangement that the various histological types of .” 1 “ ha " or “P‘' 
the kind of deformation which produces stimulation; they differ also m 
sitivity and in the persistence of response to maintained stimulation. 



Fig, 178. Diagrammatic campaniform sensilla of an insect. From Pringle. 


Behavioral Responses. Distance Mechano- and Vibration-Sense, Mechano- 
receptors usually signal either movement of a body region or direct contact 
with some object; they may signal movement of a distant object if pressure 
waves are transmitted bv the medium. The tactile endings on antennae and 
vibrissae are, in a sense, distance receptors, and rats lacking both eyes and 
vibrissae have difficulty in running a maze,, whereas either eyes or vibrissae 
can give adequate cues.”* A distant source of vibration can be detected by 
various kinds of mechanoreceptors. A spider locates its prey by sight and y 
vibration of the web, and some spiders use a special signal thread. 

The proprioceptors, largely sensilla, of arthropods are exceedingly sensi¬ 
tive to vibrations. The "feeling” of vibration by mammals is due to stretch 
receptors, particularly those of muscles and tendons; this is shown by the 
sensorv impulses when a muscle or bone , is touched by a tuning fork; the 
threshold is lower for a contracted than for a relaxed muscle. A single 
stretch receptor of a toe muscle of a frog discharged at a maximum frequency 
of 330/sec. when stimulated by vibration, and 316/sec. when stimulated by 
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rapid stretch. Also, when adapted to stretch, the ending sometimes responded 
to a tuning fork at one half or one third of the frequency of vibration. 20 

Fish detect pressure waves and ripples from a distant source by means of 
skin receptors and lateral line organs. Blind fish snap at prey moving 5 to 
10 cm. away, and by conditioned reflex techniques it has been shown that 
minnows locate water jets and moving objects by the lateral line organs. 25 
Electrical recording of the nerve impulses from catfish lateral line nerves 
shows that lateral line organs follow low frequency vibrations well but fail 
to synchronize with the stimulus above about 100 cycles per second. 42, M 
In Fundulus , the lateral line discharge synchronizes at frequencies as high as 
180 per second 111 (Fig. 179 B, C), There is a continuous background of “spon¬ 
taneous” activity in lateral line nerves which originates in the neuromasts, and 
responses to mechanical stimulation are superimposed on this background, 
The response in the lateral line when another fish swims by is shown in 
Figure 179, A, and the lateral line must be very important in keeping fish 
properly oriented when they swim in schools. The skin receptors of fish also 
detect vibrations but have a higher threshold and are more important in 


Fig. 179. Responses in lateral line nerve of Fundulus, A, Spontaneous activity with 
three bursts of impulses as another fish swims by. B, Synchronized impulses at 75 and, L, 
at 45 per second in response to sound, Signal from round generator on baseline ot 
oscilloscope and impulses superimposed, From Suckling. 11 

sensing contact stimuli. Impulses in nerves from the barbels of catfish show 
synchronized responses to ripples. 45,45 In those amphibians also which pos¬ 
sess lateral line organs.(' Amblystma ,«'■ Xenopus , 5 ") these sensory structures 
are very efficient in localizing moving objects and in detecting fixed ob¬ 
jects by reflected waves. ^ 

Orientation to Contact Stimuli. Several kinds of direct responses to me¬ 
chanical stimulation are known. Many animals, particular y t ose w ic 
crawl, tend to aggregate in crevices and along surfaces a thigmotaxis. Ihis 
reaction provides protective shelter and is easily overbalanced by other types 
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of stimulation, particularly by light and chemical stimulation. When such 
animals crawl along one side of an object they turn toward the stimulating 
surface when they reach the end of the object (Fig. 180, A), whereas if they 
crawl in the crack between two symmetrical objects they continue straight 
ahead at the end (Fig. 180, B). If, after the animal has given this positive 
response to an edge (or positive stereotactic response), the stimulating object 
is withdrawn, the crawling animal then straightens the anterior end to he 
in line with the posterior end, the homostrophic reflex (Fig. 180, /l). '1 hese 
contact reactions depend on unequal stimulation of the two sides and have 
been demonstrated for many animals, including earthworms, diplopods, in¬ 
sect larvae, and young (blind) rats and mice. 17 ' 1,1 




Fig. 180. A, Stereotropic orientation of larval Tenebrio (a, b, successive positions) and 
reflex homostrophic orientation (c), when source of contact is removed. B, Balanced effect 
of bilateral contact resulting in straight course; removal of contact plate on one side 
followed by stereotropic bending. From Crazier. 11 




Many animals show direct reactions to local mechanical stimulation. For 
example, most fish when stimulated on one side near the posterior end turn 
the caudal fin toward the side of stimulation. Many sessile animals and 
worms, such as hydroids, sea anemones, holothurians, sipuneuloids, and an¬ 
nelids, withdraw by a strong body contraction when stimulated mechanically 
at the anterior: end. 

Another type of contact orientation is rheotaxis or orientation to a stream 
of water, Planaria often react positively to a stream, depending on receptors 
scattered over the body surface.® Paramecia are positively rheotactic under 
most conditions. The orientation of fish into a stream depends much more 
on the eyes than on mechanoreceptors. Blind fish do not orient in a stream 
unless they touch the bottom, when they orient by frictional stimulation.® 
Similarly, visual cues are important in rheotaxis of the lobster. In the elasmo- 
branch Raja headward flow of fluid in the hyomandibular lateral line canal 
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increases the rhythmic activity in the lateral line nerve, whereas tailward 
How reduces or stops the spontaneous rhythm.® Whether the lateral line 
is used in rheotaxis in Raja is not known, 

Anemotaxis or orientation in. air currents is seen in flying animals such as 
some insects. In flies the antennal sense organ, Johnston’s organ, is sensitive 
to wind velocity and elicits postural changes according to speed of air flow.' 11 " 1 

When an animal is in contact with a substratum there is continuous asym¬ 
metric stimulation of mechanoreceptors. Absence of ventral surface stimula¬ 
tion may initiate righting reactions as in snails, starfish, and cockroaches, and 
removal of the substratum initiates flight in many insects. Similarly, lifting 
of the sucker of a leech initiates swimming. Apparently in the absence of 
other stimuli, stimulation by contact normally inhibits locomotor reflexes. 

Hydrostatic pressure is applied uniformly, and most of the effects of hydro¬ 
static pressure or atmospheric pressure are respiratory rather than sensory. 
One of the familiar effects of rapid changes in hydrostatic pressure is in the 
amount of nitrogen dissolved in the blood and the hubbies which appear on 
decompression. Pressures of the order of several hundred atmospheres cause 
spectacular decrease in protoplasmic viscosity, and many animals are killed 
fairly rapidly at about 400 atmospheres. Yet fish and deep-sea invertebrates 
live at ocean depths of two miles, where the pressure exceeds 300 atmos¬ 
pheres. 1(1 When deep-sea animals are brought to the surface they die, and, 
conversely, surface animals cannot survive long at pressures corresponding to 
the deep sea. The physiological adaptations permitting survival at high pres¬ 
sures are not understood. However, hsh do tend to remain within a certain 
pressure range, and they do this in part by varying the amount of gas in the 
swim bladder, A sudden decrease in pressure by a fraction of an atmosphere 
results in an increase in gas content in the swim bladder (guppies 1,1 ). In 
physodistous fish, that is, in those lacking a duct from gas bladder to esoph¬ 
agus, the gas must be secreted into the bladder from the blood and the ef¬ 
fect is to maintain the fish at a constant level. 1 ' 0 Similar increases in bladder 
gas content occur when Fundulus is transferred from sea water to fresh wa¬ 
ter. 7 In some physostomes (fish with open swim bladders) certain anterior 
vertebrate form a. chain of bones, the Weberian ossicles, which transmit pres¬ 
sure to the inner ear from the swim bladder (p. 486,^ Ch. 13), and removal 
of which prevents normal reactions to a pressure drop/’ 4 An increase in swim- 
bladder pressure in the carp elicits a strong response of all fins, cardiac , de¬ 
pression, and initial stimulation, followed by depression of respiration-all 
effects which cease when the autonomic nerves to the swim bladder are cut/ *’ 
The gas bladder of fish is an effector containing sensory mechanisms which 
aid in maintaining fish at constant hydrostatic pressure. , 

Tactile Sense. Ability to locate contact stimuli may be very precise, the 
cleaning habits of most animals are well known-molluscs, insects, and many 
others remove irritating particles with great precision. Tactile sense m man 
has been most studied by the use of needles or flexible prods of different 
weights. On the skin the sensitivity of hairs is greater than that of cutaneous 
corpuscles; the sensitivity of shaved skin differs greatly, the sensitivities in 
various areas decreasing in the following order; forehead, nose, hnger tip, 
back of finger, back of hand, abdomen, back of forearm, loin. The ability to 
discriminate two points is not the same as the sensitivity series, minimal 
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distances for resolution being 23 mm. on finger tip, 113 mm. on palm of 
hand, 31.6 mm. on back of hand, and 67 mm. on upper arm, thigh, and 
middle of back. 4 

A tactile sensory unit appears to be one sensory neurone, together with 
all those sensory endings whose processes converge on that axon. The most 
accurate mapping of such an area has been done by recording impulses in 
single fibers of the long ciliary nerve of the cat; one fiber serves 50 to 200 sq. 
mm. (1 quadrant) of the cornea, together with adjacent sclera and conjunc¬ 
tiva. 92 In the central portion of such a field the threshold is lowest, impulse 
frequency highest, and adaptation slowest, hence the endings differ over 
the same field. Cutaneous sensory endings can be stimulated electrically as 
well as mechanically . 5,6 Areas of touch and prick (pain) are independent, 
and as the point stimulus moves over a fingertip the stimulation “feels" as 
though it went by jumps. Any stimuli within 2-15 mm. of each other on the 
back of the hand are referred to the same locus, and stimulation of two 
points in that area can summate. There is some overlap of the unit areas as 
they are delineated during recovery from anesthesia, and two-point discrim¬ 
ination probably involves several sensory units. Single sensory fibers serve 
relatively large overlapping areas; the sensitivity of all the endings in such 
an area is not the same, and much of the discrimination of tactile sense 
depends on sorting out impulses of different frequencies and in different 
afferent fibers within the central nervous system. Overlap of areas served 
by sensory nerves has been observed in mammals, frogs, and earthworms. 

Adaptation of Mechanoreceptors. The intensity of any sensory message 
is given by the frequency of discharge in single units and the number of 
active units. The frequency increases with increasing tension or pressure 
on a mechanoreceptor. The characteristic pattern of nerve impulses is an 
initial burst of high frequency impulses which decline rapidly (adaptation). 
The maximum frequency is limited by the refractory period of the nerve 
fiber, but sensory discharge is usually much slower than this, and adaptation 
is not fatigue in the sense of metabolic failure, Adaptation is the decreasing 
excitability of sensory endings during maintained stimulation, and the 
mechanism of adaptation is not well known. Mechanoreceptors differ in 
rate of adaptation, from those which give only one impulse to those which 
continue to discharge more or less indefinitely at low frequency during 
stimulation. In general, tactile receptors adapt rapidly and proprioceptors 
adapt slowly. 1 

The rapidly adapting endings are best known among tactile hairs and touch 
receptors of the skin. Each sensory hair along the margin of the telson and 
uropods of a crayfish gives only one impulse when flexed; 80 hair receptors 
in the skin of a rabbit give 1 or 2 impulses (Fig. 181). 35 Vibration receptors 
such as the cochlea and lateral line organ must also be considered as rapidly 



adapting, since on synchronization with a sound one impulse appears per 
wave front, Fine sensory hairs on the leg of a cockroach adapt rapidly, 
while stout spinous hairs adapt more slowly. 81 

The tactile receptors of vertebrate skin are next in order of decreasing 
speed of adaptation. The study of these has been aided by the fact that in 
the dorsal cutaneous nerves of the frog there are occasional antidromic fibers, 
efferent branches of sensory neurones, so that stimulation of the sensory 
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area of one nerve initiates impulses in the central end of a fiber of another 
nerve. 2 The skin area served by one such sensory fiber varies from 4 to 100 

sq. mm. When the sense endings are stimulated continuously, as by a jet of 

air, there is an initial burst of 4 to 12 or more impulses lasting 0.1 to 0,2 
sec. (Fig. 181, a); when they are stimulated by a puff 5 msec, or less in 
duration at a rapidly applied pressure one impulse appears (Fig. 181, b). 
In addition to these fast adapting endings there are some which discharge for 
as long as 10 sec. during continued stimulation. 23 A different sort of adapta¬ 
tion, secondary adaptation, occurs when the ending is stimulated repetitively, 


a 


b 


Fig. 181. Responses in single fiber of dorsal cutaneous nerve of frog (a) to pres¬ 
sure suddenly applied and maintained and (b) to pressure applied three times by 
interrupting air jet (slowly rising baseline indicates duration of sudden blast). From 
Adrian, Cattell, and Hoagland. 2 

as by an interrupted air jet. The ending may discharge at a rate as high 
as 250 to 300 per second initially, and may continue at 150 per sec. for 30 
to 60 seconds, finally dropping more and more impulses until it discharges 
only occasionally. Sometimes, when the ending is stimulated at high fre¬ 
quency (e.g., 150/sec.), there may be two impulses together for one stim¬ 
ulus, the second one smaller than the first, because it falls in the refractory 
period of the nerve. Continued repetitive stimulation of the skin keeps the 
endings adapted, even though there may be no nerve impulses. By sending 
impulses backward (toward the skin by electrical stimulation), it is found 
that the adaptation does not reside in the nerve. If the stimulus-to-rest ratio 
is small, adaptation is slowed, and if the pressure is high adaptation is also 
delayed. Increase in the potassium content of the saline bathing the nerve 
ending speeds adaptation reversibly, and it has been shown that repeated 
mechanical beating of frog skin by an air jet increases the potassium con¬ 
tent of bathing saline, hence, this secondary adaptation may be due to ac¬ 
cumulation of potassium lost.from epithelial cells around sensory endings. 44 
46,47,48 Such potassium leakage is probably not the cause of the fast adapta¬ 
tion to a single stimulus. _ . 

The encapsulated mechanoreceptors, such as pacinian corpuscles, are inter¬ 
mediate in adaptation speed. When pressure is applied to a mammalian 
tendon containing a pacinian corpuscle, a discharge starts at an initial fre¬ 
quency of 50-80 per second, adapting in a few seconds to 10-15 per second. 
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Th e pacinian corpuscles along Wood vessels in the mesentery discharge as .the 
vessels are distended with each pulse.* 17 

The campanil unit sensilla of insects arc also intermediate in speed of 
adaptation. These sensilla respond to strains in the cuticle prmluml by 
straight or lateral bending, the leg sensilla being stimulated while the insect 
stands. The discharge starts at a high frequency (KKBOO/sevJ and lulls 
after 1-2 seconds to low levels. 1 " 

Tension receptors in muscles adapt very slowly, compared with tactile 
receptors. The impulses from single sensory spindles in a frog toe muscle 
under continued stretch or load start at 120-260 per second and decline to a 
rate, of about 20 per second, which is maintained regularly for many min¬ 
utes. Responsiveness to a test reload is less as adaptation is prolonged.*- 1 * #R 
Frequency of afferent discharge depends not only on the amount hut also 
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Fig. 182. Response in nerve filler from a muscle receptor in pcwncu* tongm. of car at 
different rates of stretching of the muscle to final tension of 2S gin. Action |*acfrtwk 
small deflections from central lines, muscle contraction indicate! by lower records. From 
Matthews” 


the spindle is firing continuously, contraction is accompanied by a brief 
interruption in the steady sensory discharge. Matthews 8 " dcM tilied three 
types of sensory endings of mammalian muscle: (1) receptors ’ probably 
spindles) which are arranged in parallel with the contractile elements, and 
which respond either on quick stretch or release or in active contraction; 
(2) receptors of high threshold arranged in series with tire contractile He 
ments; and (3) a type occurring in fascia, rapidly adapting and res] sending 
only during movement of the muscle. 

Stretch receptors in muscles of the elasnioliramhs ihijo and Hey Ilium 
adapt slowly and maintain a steady discharge longer than do the muscle 
receptors of amphibians and mammals, firing under constant tension for 
more than an hour. When the tension is suddenly decreased there is a silent 
period before the discharge resumes at a new level.- 1 ' 

Virtually no adaptation occurs in the pressure receptors of rise carotid 
sinus of mammals. Some of the sensory elements are normally continually 
active and for each pulse wave their frequency increases; other elements fire 
three or four impulses for each pulse. When the carotid artery is perfused at 
steady pressures there is little stimulation until the pressure rises above 40-50 
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turn. 1 Ig, when a few impulses appear, and at higher perfusion pressures the 
impulse Frequency in single fibers is directly proportional to the pressure 
(Fig 183). There may be a slight fall in frequency after the initial dis¬ 
charge on increasing pressure, hut the equilibrium frequency is main¬ 
tained more or less indefinitely. 11, iy 

In the preceding account meehariorcceptors are arranged in a series from 
fast to slow adaptation. It is evidently useful in behavior that, tactile mes¬ 
sages be brief ami tension reception persistent. There is no clear histological 
correlation with speed of sensory adaptation, and the cellular mechanism 
underiving these differences in adaptation remains to he discovered, 

Pain. Tactile and proprioceptive impulses travel in relatively large 
libers (A fibers of the classification of lirlungcr and Gasser, as given in 
Chapter 23). Free nerve endings of the vertebrate skin are stimulated by 



Fig. 183. Steady discharge in single liber of carotid sinus nerve at the following 
ixirfusiun pressures: A, 40 mut. Mg: li, 80 nun. Ilg; 140 mm. Hg; 1), 200 mm. Hg. 
Time marked in 0.2 ms-. From Bronk and Stella. 19 

various noxious stimuli, heat, prick, heavy pressure, add, etc., and give rise 
to impulses in small filters. 1 The pain impulses are of small amplitude and 
low velocity. In the cutaneous nerves of the frog, for example, narcotics 
abolish the slow impulses first, KC1 eliminates the fast impulses first; the 
slow are conducted at 1.54,5 M./sec., the last at- 10-12 M./sec., 111 and the 
sensory areas in the skin for light touch and heavy pressure are different. 
In the cat, impulses from sensory hairs travel at 3060 M./sec., and pain im¬ 
pulses are conducted at less than 5 M./sec."" 'Hie maximum frequency of 
discharge in the. small fibers is less than front the tactile receptors; tbs re¬ 
sponse gradually builds up and adapts very little. 

Similarly, mechanical stimulation of the intestine of .a cat elicits impulses 
in medium-size .filters from the pacinian corpuscles and in small fibers prob¬ 
ably from pain endings."" There are also pain endings in the pulp of teeth 
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which are stimulated by noxious stimuli and give rise to impulses in small 
myelinated fibers. These are to be distinguished from pressure endings of 
the periodontal membrane, which show much variation in adaptation and 
some of which follow very high frequency stimulation, even as high as 1200 
cycles per second. 75 

In the earthworm sensory cells converge at the subepidermal plexus, and 
the afferent fibers of the segmental nerves are, therefore, secondary neurones. 
Nevertheless the afferent impulses set up by tactile and proprioceptive 
stimulation are large and fast compared with the impulses initiated by 
noxious stimuli, particularly chemical. 79 It is a general rule that pain im¬ 
pulses are small and slow, in small fibers. 

EQUILIBRIUM RECEPTION 

Types of Equilibrium Receptors. One of the more primitive sense 
organs controlling animal attitude is the gravity receptor or statocyst. In 
principle a statocyst (Fig. 184) consists of a fluid-filled chamber, the hot- 



Fig. 184. Apical statocyst of a ctenophore. Note the centrally located structure, the 
statolith, and the hairlike processes of the sensory epithelium. From Buddenbrock. 11 

tom or top of which contains a sensory epithelium. A solid or semisolid 
body, the statolith, rests on or hangs from this epithelium and thus pre¬ 
sumably activates the sense cells. If these sense cells exhibit moderately slow 
adaptation, a steady barrage of nerve impulses at rather low frequencies 
may he passing along the nerve fibers. Any change in position or weight 
of the body resting on or hanging from the sensory epithelium would either 
enhance or diminish this barrage of nerve impulses, thus signaling the co¬ 
ordinating centers of the central nervous system of a change in attitude 
of the organism. The pattern of motor reactions elicited by stimulation of 
statocysts varies from animal to animal, for it depends on the extent and 
characteristics of the reflex pathways involved, hut many organisms react 
in such a manner as to bring the statocyst and its contents back to its original 
resting condition, thus effectively annulling the change in the statocyst 
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position. This kind of annulling reaction is widespread throughout the 
animal kingdom and is the result of a coordinated nervous activity called 
“negative feedback.” 94 

The function of statocysts in animal orientation is strikingly illustrated in 
the experiments of Kreidl. 57 The statocysts of crabs open to the exterior by 
slits. At each molt, the statoliths are lost and are replaced de novo from 
foreign bodies in the environment. Iron or nickel dust in the aquarium 
forms statoliths with magnetic properties. The introduction of a magnet 
above a crab immersed in water causes the statoliths to be pulled to the 
top of the statocyst and the animal promptly turns over on its back. 

Orientation to Gravity: Geotaxis. Well differentiated statocysts first make 
their appearance in the coelenterates, although well defined gravity reactions 
appear in certain Protozoa, i.e., Paramecium.® Among the coelenterates, 
the Scyphomedusae have eight statocysts radially arranged around the 
margin of the mantle. In the normal position the axis of symmetry is kept 
vertical. When the animal is tilted, the lower portion of the mantle 



Fig. 185. Diagram showing terms used in the description of orientation of animals on 
the inclined plane. From Crazier and Pincus. “ 


musculature contracts more strongly than the upper portion, and the 
animal rights itself. 32 Surgical removal of several of the statocysts com¬ 
pletely disorients the animal. Ctenophores likewise are well equipped with 


functional statocysts. . . . . , , • j c 

Many organisms (turbellarians, polychaetes holothunans, brach pods, 
isopods, dipteran larvae and branchiate snails) exhibit an orientation 
toward the source of the force of gravity, failed positive geotaxis, Many 
of these organisms burrow in mud or sand. In some cases this _ posUive 
geotaxis is statocyst controlled, as evidenced by the ack of this onen ahon 





516 


Comparative Animal Physiology 


Branchiomma vesmlosum, Cyathura earinata and Limnophila fuscipennis: 
for further details see von Buddenbrock 14 ). 

Negative geotaxis occurs less frequently among invertebrates, and is 
illustrated by the pulmonatc snails Umax and Helix. When these animals 
are placed on an inclined plane in water, they ascend by the steepest 
path/'"’ 74 regardless of the slope of the inclined plane. I host* animals 
have statocysts and, when they are supported by the water, proprioceptive 
and other kinds of stimulation are minimal. When the snails are placed 
on an inclined plane in air they choose a direction of ascent which deviates 
from the steepest path by an angle which is related to the angle of inclina¬ 
tion of the plane. Similar responses are obtained from a great variety of 
animals which exhibit negative geotaxis. 1 he simple and direct control ol 
orientation to gravity by statocysts is certainly not indicated here, Rather, 
in these animals, a given attitude is probably the result ol a complex series 
of reactions including several sense modalities. 

The numerous experiments of Crazier and his co-workers 1 s strikingly 
illustrate the complexity of the situation. These investigators have tested 
the responses of numerous animals on the inclined plane (Mg. 1H5). I heir 
results indicate that for many animals the angle ol orientation up the plane 
varies approximately as the common logarithm of the active component of 
gravity, g sin a. Experiments with the beetle, Tetraopes tetraophthalnm,"' 
proved, interestingly enough, that addition of weight (i.e., wax} to the 
abdomen resulted in an increase ol 0, (the angle ol orientation), whereas 
the addition of weight to the anterior end or the removal of the abdomen 
resulted in a decrease of 6 . Experiments with male fiddler crabs, Uca/ ,H 
which possess one large claw and one small claw, indicate that angle 0 is 
greater when the large claw is on the downward side ol the animal. 1 hese 
and other experiments have led Crazier and his school to the conclusion that 
orientation to gravity depends on distribution of the pull of the organ 
ism’s mass on the supporting musculature; i.e., that the orientation is. initi¬ 
ated primarily by proprioceptive sense organs. That this may not be entirely 
the situation is illustrated by experiments with ticks, 113 Unfed ticks will 
crawl freely in all directions on inclined or vertical planes; ticks gorged 
with blood, however, always crawl upwards and travel more steeply, the 
greater the angle of inclination of the plane, Similar results are obtained 
when inert weights are attached to the abdomen ol the tick. 1 bus, the 


mechanical alignment of an organism on an inclined plane, due to a pos 
teriorly located center of gravity, must be considered. The interpretations 
of Hunter 51 suggest additional complications. A young rat on an inclined 
plane has its center of gravity above the plane, ixy there is a tendency 
for the animal to roll. This tendency to roll is greatest when the angle 0 
is low, or when the angle of inclination, «, is increased, thus, an increase 
of a may be compensated by an increase off. The orientation of a young 
rat and of other animals may thus be dependent on a series of postural re¬ 
flexes involving statocysts, proprioceptors, and perhaps cutaneous sense 
organs. 

The Vertebrate Labyrinth and Its Functions. The membranous labyrinth 
of the inner ear of vertebrates is divided into two parts (see Figure 161, 
Chapter 13): (1) the lower portion, including the saeculus and lagena or 
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cochlea, functions in hearing; (2) the upper portion, consisting of the 
utriculus and the semicircular canals, functions in orientation. I he utric- 
ulus conforms reasonably closely to the basic plan of a statocyst, (page 
514). The semicircular canals are bent tubes, both ends of which com¬ 
municate with the utriculus. The bent tubes bear an enlargement at one 
end, the ampulla, in which is located the sense organ (Fig. 186), consisting 
of the crista and the gelatinous cupula, which approximately fills the cavity 
of the ampulla (p. 475, Ch. 13). ' i 

Fibers in the vestibular branch of the eighth nerve are of three types: 
those activated only by mechanical vibration of low frequency; those acti¬ 
vated by tilting movements only; and those activated by angular accelera¬ 
tion.”- McNally and "Fait 71 rendered the utriculus of frogs non-functional 
by cautery without encroaching on the semicircular canals and determined 
that the response to tilting and linear acceleration was abolished. It is gen- 



Fi«, 186. Diagrammatic sketch of the cupula and crista after Kolmer. A, hair 
cells whose terminal processes protrude into F, the gelatinous^ cupula; B, support¬ 
ing cells; D, large nerve fibers; E, small nerve fibers. From Fulton,' 

erally accepted that the utriculus responds to these movements.. T he 
function of the saeculus is less clearly established. In the frog, section of 
the nerves from the saccular maculae does not produce any disturbance 
of orientation. 71 Von Buddenbrock 14 states that the saeculus does not function 
in orientation except in rabbits, in which vertical eye movements are elicited 
by stimulation of the saeculus. The consensus at present !• ' is that 
the saeculus responds to mechanical vibrations of low frequency. Con¬ 
cerning the function of the semicircular canals, there exists a vast liters 
ture 40 ’ 51, 70 The work of Ldwenstein and Send/" Stemhausen, and 
Dohlman"" serves to clarify the function of the semicircular canals. 

Lowenstein and Sand® recorded nerve impulses from single nerve libers 
from an excised horizontal semicircular canal of the skate, Raja clavata . in 
all preparations they observed a spontaneous discharge of impulses under 
snttiUy conditions. The frequency of this background discharge varied 
Rotation of the preparation toward the side of the canal (ipsilateral rotation) 
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produced an enhancement of impulse discharge (Figs. 187,188); rotation in 
the opposite direction (contralateral rotation) produced a decrease of the 
spontaneous discharge (Figs. 187, 189). The impulse frequency increases 
(or decreases) uniformly with constant angular acceleration. Rotation at 
constant velocity produces an initial increase (or decrease) of impulse 
frequency, during the acceleratory phase, followed by a gradual return to 
the spontaneous discharge level in 20 to 30 seconds (Fig. 190). Stein- 
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Fig. 187. Photograph of oscillographically recorded spike potentials obtained from a 
nerve branch to the left horizontal ampulla of the skate. The uniformity of the large 
spikes indicates the response of a single fiber. A, Response of a single unit to ipsilateral 
angular accelerations, The angular acceleration (15 degrees per sec.) is indicated by the 
broken black lines of unequal lengths. Note the spontaneous activity in other fibers 
before and after acceleration. B, Response of the same unit to contralateral angular 
accelerations. From Lbwenstein and Sand.“ 

hausen 80,00 and Dohlman 22 observed and photographed the cupula in 
intact semicircular canals of the pike. The results of both investigators 
show that the cupula nearly fills the lumen of the ampulla and is displaced 
sharply to one side on rotation of the animal (Fig. 191). Introduction of 
an oil droplet into the canal (by Dohlman) shows that the displacement 
of fluid is responsible for the movement of the cupula. Analysis of the 
time relations indicates that a cupula displaced by sudden acceleration re¬ 
turns to its resting condition in about 20 seconds. (Fig. 192), The cupula 
thus acts as a highly damped pendulum having a period of 20 seconds. 

The results of these investigations indicate that the movement of the 
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seconds 


Fig. 188. Relationship between the frequency of the spike potential discharge and 
ipsilateral angular acceleration. The horizontal line indicates the frequency level of 
spontaneous discharge. From Lowenstein and Sand.“ 



seconds 


Fig. 189. Relationship between the frequency of spike potential discharge and 
contralateral angular acceleration. From Lowenstein and Sand. 

cupula is the adequate stimulus for changing the frequency of nerve im¬ 
pulses in the afferent nerve fibers. They show further that a given canal 
will respond to rotation in two directions. The earlier notion, that m 
fishes, amphibia, and reptiles the movement of fluid in the semicircular 
canals stimulates only in one direction, is not quite correct. What is im¬ 
plied here, probably, is that the functional organization of the nervous 
systems in these animals does not take cognizance of a reduction m nerve 
impulse frequency. 
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Equilibrium Orientation in Vertebrates. Numerous experiments on the 
effects oF labyrinthectomy have been reported on a great variety of ani- 
mals. M| H a7, as,34, a», b°, «s R em0V11 l of one labyrinth produces an ab¬ 
normal posture in which the head and neck are bent toward the operated side. 
In the absence of other sensory cues (see below), this abnormal reaction is 
always present and is called a primary symptom. Other symptoms, of ab¬ 
normal posture appear after the operation but gradually subside, until the 
orientation and response of the organism is normal. These are called 
secondary symptoms. Most animals with only one labyrinth typically re- 



seconds 

Fig. 190. Relation of spike potential discharge frequency to rotation (A, ipsilateral, 
and B, contralateral) at constant speed of 36 degrees per second, as a function of time. 
The horizontal lines indicate the frequency level of spontaneous activity at the onset of 
each experiment. Note the early occurrence of a maximum change followed by tendency 
to level off above and below the spontaneous discharge level. From Lowenstein and Sand.® 

spend to rotation in both directions, suggesting that one labyrinth is capable 
of serving an organism satisfactorily, a suggestion confirmed by the study 
of impulses in labyrinthine nerves. 

The removal of both labyrinths produces effects which differ in animals. 
Frogs thus prepared 71 maintain any imposed posture of which they are 
capable. Mammals, except rabbits and guinea pigs, sgem to behave quite 
normally, provided the eyes are intact, except under two circumstances. 
When a bilaterally labyrinthectomized animal is placed in water, orienta- 


.. . C sC . - 


Mechano- and Equilibrium-Reception 


521 


tion does not take place, and drowning results. The other circumstance 
is falling through air. A normal cat always lands on its feet regardless of 
its position at the instant of falling, by executing a series of righting re¬ 
actions while in the air. A bilaterally labyrinthectomized animal cannot 
right itself during a fall. 27 ' fii{ Bilaterally labyrinthectomized pigeons 80 eventu¬ 
ally regain some ability to fly, only, however, when there is no interference 
with vision. These observations seem to indicate that higher animals can, 
under most circumstances, compensate for the loss of both labyrinths. 



Fig. 191. The ampulla and semicircular canal photographed in the living state (pike) 
before and during angular acceleration. B, oil droplet in canal before acceleration; C, oil 
droplet during acceleration; h, position of cupula before acceleration; c, position of cupula 
during acceleration. After Dohlman, from Fulton." 

The question naturally arises, "Where does the labyrinthectomized 
animal obtain the sensory information necessary for orientation? Ine 
answer to this question has been supplied largely through the investigations 
of Magnus 68 and has been excellently reviewed by Evans. Labyrmthec* 
tomized dogs and cats orient their heads well when supported in air by the 
pelvis. However, if these animals are blindfolded under similar circum¬ 
stances, no' orientation of the head takes place, In rabbits and guinea 
pigs, renowned for their lack of visual righting reflexes, no orientation 
of the head takes, place, even without blindfolding, These experiments 
indicate that vision is an important adjunct to labynnithine J n 

orientation. If a labyrinthectomized rabbit is held in the air by the pelvis, 
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the head is not oriented hut Falls into an abnormal position due to the 
force of gravity. IF this animal is now placed on its side on the table, 
the head will right itself. If a weighted hoard is placed on the upper side 
of the animal, the head is not righted, indicating that imsymnietrical stimu¬ 
lation of cutaneous receptors affords a sensory cue for righting. The 
righting of the head in such labyrintheetomized rabbits is followed by 
righting of the body, If the head is held so that it cannot be oriented, 
the body of the rabbit will right itself, followed by righting of the head, 
if permitted. This indicates that the neck may also be tire source of sensory 
cues for righting. That this is so can he demonstrated clearly in labyrin* 
thectomized decerebrate (brain stem divided just anterior to entry of the 



Fig. 192. Relation between tlclleetmn of cupula in the intact Semicircular canal of the 
pike and time, during prolonged rotation. Solid lines indicate the position of the cupula 
(measured in arbitrary units) after the onset, during and after rotation. The lower broken 
lines indicate the deflection upon stopping the rotation at the times indicated. The upper 
broken line indicates the theoretical movement of endolyinph in the canal Hath division 
of the time base is equal to M/3 seconds. From Sicinlianscn.*' 



eighth cranial nerve) animals, Forced rotation of* the head in such ani¬ 
mals produces an increase of extensor tonus (tonic contractions of ex¬ 
tensor muscles are increased) on the side toward which the nose is tin ned. 
Section of the cervical dorsal roots 'abolishes;this response, suggesting that 
sense organs (proprioceptors) in the neck muscles are its source. 

In normal vertebrates, distinct reactions to rotation are evident. When 
an animal is rotated to the right, the eyes tend to remain fixed on an object 
as long as possible, the head gradually moving to the left as far as possible, 
then shifting suddenly to the right. This cycle of movement is repeated, 
and is called head nystagmus, After rotation has been stopped, the nystagmus 
is in the opposite direction, The eyes exhibit reactions similar to those of 
the head, and these are referred to as eye nystagmus. Such compensatory 
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eye and head movements are absent in bilaterally labyrintheetomized 
animals, provided optical stimulation is absent. However, bilaterally labyrin- 
thectomized dogs can discriminate high angular accelerations, as demon¬ 
strated by conditioned reflex methods. 8 * The sensory cue involved in this 
discrimination possibly originates in proprioceptors of the neck muscles. 
Human beings, subjected to constant deceleration/ 11 give markedly different 
responses when the whole body is tilted and when only the head is tilted 
during the deceleration. Those differences in response are attributed to the 
role of the proprioceptors of the neck muscles. 

It is well established that, after rapid acceleration and deceleration, eye 
movements persist for about 20-30 seconds. Heyer, 41 working with human 
subjects under constant conditions of acceleration and deceleration, demon¬ 
strated that the subjective sensation of rotation persisted significantly longer 
on acceleration than on deceleration. This difference in duration of sen¬ 
sation is not understood. It is safe to say, however, that the duration of 
eye movements and subjective sensation roughly parallels the time course 
of cupula deflection. 

Orientation in Flying Insects. Statocysts are rare in these animals and, 
until recently, orientation has been analyzed only in the Nepidae or water 
hugs. These animals are negatively geotactic, which presumably enables 
them to reach the surface of the water for breathing purposes. They collect 
a bubble of air on the under side of their abdomen, which is then utilized 
during their underwater exploits. Along the lateral edges of the abdomen 
there is a trough in which arc located a series of pits; believed to con¬ 
tain sense organs. 14 These pits are filled with air. In the normal attitude 
of the bug, the bubble shrinks posteriorly as the air is used. This causes 
the air-water interface to activate the sense organs and signal the organism 
to ascend. 

More recently Pringle 77 demonstrated that the halteres are gyroscopic 
mechanisms which signal any departure from the normal attitude and 
presumably initiate reflex adjustment. The halteres are found in all groups 
of Diptera as dumbbell-shaped organs located behind the wings, lhese 
halteres are rather complex (Fig. 193), Bearing a rich supply of sense 
organs, a muscle, and a hinge, and are of a shape suited to their func¬ 
tion. These halteres oscillate rapidly in a vertical plane during flight at 
frequencies of 100 to 200 cycles per second (e.p.s.). Under normal cir¬ 
cumstances the wings and halteres are synchronized, but this is not always 
so. There does, however, seem to be some coupling between the oscillation 


II® 


of the wings and that of the halteres. 1 he oscillation of the naitere oegms 
by mechanical stimulation, i.e., stretching of the muscle. Motor nerve im¬ 
pulses or electrical stimulation does not produce contractions but merely 
seems to enhance the excitability of the muscle for mechanical stimulation, 
That a reflex of some sort is not involved is indicated by : (1) the persistence 
of this response under conditions of anesthesia which abolish other reflexes,, 
(2) the persistence of this response when the muscle and its nerve is sep- 
/rated & the thoradc ganglion; (3) the persistence of the reponswhen 
the proprioceptive tense organs (campaniform sens, la) of the wing base 
ate removed; and (4) the lack of sense organs in the haltere ftde md 
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traction (except at low frequencies in certain instances: fusion at 10/sec. 
in haltere muscle), and the fact that there is no synchrony between oscilla¬ 
tion of the muscle and incidence of motor nerve impulses or electrical stimuli, 
seem to indicate that these are not concerned directly with contraction of 
these insect muscles. 78 

The natural stimulus for initiating haltere oscillation seems to he the dis¬ 
tortion of the thorax caused by the indirect (light muscles. This can be 
simulated by pressing on the sternum of a slightly anesthetized fly with 
a needle. Contraction of the haltere muscle causes dorsiflexion of the 
haltere; relaxation of the muscle is accompanied by ventral movement due 



big. 193. Ventral (V) anil dorsal (D) views of the left haltere of Lucilia sericuta. e, 
condyle of secondary articulation; k, main hinge, line; tit, point of muscle attachment; 
P, strong point in the articulation; bp, basal plate; dsp, dorsal scapal plate; tllly, dorsal 
Hicks papillae; hhu, large chordotonal organ; up, undifferentiated papillae; vsp, ventral 
scapal plate; vHp, ventral Hicks papillae, (X 100). (Pringle.”) 

to the elasticity of the hinge. The ventral movement again acts as a 
stretch stimulus, and the cycle is repeated, presumably as long as the ar¬ 
rival of nerve impulses to the haltere muscle maintains a heightened ex 
citability. 

The haltere, its joint, and the muscle form a mechanical system which 
oscillates at its resonance frequency. Reducing the mass of the haltere 
increases its frequency of oscillation. 

Removal of the halteres seriously interferes with the ability to fly (Fig. 
194), particularly affecting the ability to maintain orientation in the hori¬ 
zontal plane, The flight abnormalities are not always the same but they 
always exist, unless some powerful orienting stimulus, as a source of light, 
is present. 

Flow the halteres regulate orientation during flight is shown in Figure 195. 
The center of gravity of the haltere lies to the rear of the haltere axis. When 


Mechano - and Equilibrium-Reception 


525 


the haltere oscillates about axis AA, the line. BB will tend to move into the 
position YY, due to a torque which develops as a result of the displaced 
center of gravity. This torque is discontinuous, fluctuating at twice the 
frequency of the haltere oscillation, but the damping of the fluid contents 
averages out these oscillations. If the haltere oscillations end abruptly the 
backward movement of the haltere can be clearly seen: it has a delay.of 
about Vi sec, Thus, during vertical oscillation of the haltere, forces exist 
which move the haltere forward. It is this movement of the haltere that is 
significant in orientation, for it is affected by movements of the organism 
about its transverse and longitudinal axes (pitch and roll) and its vertical 
axis (yaw). 




Fig. 194. Tracings from flash photographs of a haltereless fly, Eristalis tmx, in free 
flight. The interval between exposures is % sec. Note the instability in the horizontal 
or yawing plane. From Pringle. 17 


The electrical recording of action potentials in the nerve innervating the 
haltere sense organs, under conditions of normal flight, pitching, rolling, and 
yawing, indicates considerable differences. Oscillations of the halteres with 
normal attitude result in the appearance of a burst of impulses for each 
half cycle of oscillation, presumably occurring at the maximum and min¬ 
imum of each excursion. There is a period of inactivity between each 
burst of impulses. During rotation in the rolling plane the nerve activity 
is augmented, butmot to the extent that it is by movement in the: yawing 
o_„ki„ tko alfprwl nerve discharge pattern produces reHex 
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stimulation, as in a worm crawling in a crevice. In general tactile receptors 
are most abundant in those regions of an animal where there is most likely 
to be contact with extraneous objects. Vibration receptors are diverse- 
lateral line organs of fish, sensilla attached to the exoskeleton of insects, 
tendon and muscle receptors of mammals. A change in plane is signaled 
by equilibrium receptors or by a combination of statocysts, tension receptors, 
and eyes. 

Several questions deserve investigation. What is the mechanism by which 
deformation excites a cell - ? A continuous 'spontaneous" activity is found in 
sensory nerves from fish lateral lines, in ampullae of Lorenzini of elasmo- 
branchs (which are said not to be mechanoreceptors), and in vertebrate laby¬ 
rinths. Are these impulses dependent on some very slight sensory stimulation 
or do the sense organs contain cells which discharge spontaneously like some 
central nervous system neurones? Two kinds of adaptation of mechano 
receptors are recognized, primary adaptation during continued steady de¬ 
formation, and secondary adaptation during repeated deformation of end¬ 
ings which adapt rapidly to one deformation. What are the mechanisms 
of these two types of adaptation? There is evidence that secondary adapta¬ 
tion of frog tactile receptors results from an accumulation of potassium around 
them; does this account for the similar adaptation of vibration receptors? 
Another question concerns the action of the receptors of hydrostatic pressure 

in keeping deep-sea and surface fish at the proper ocean depth. ^ . 

Mechanical stimuli (except for hydrostatic pressure) can hardly be con¬ 
sidered as limiting animal distribution, but they are important in keeping 
animals in position for their normal life activities. Equilibrium receptors are 
found in many animals and appear to he particularly important for animals 
which are free swimming, for example, jellyfish, elasmobranchs, and 
teleosts, and in flying animals, particularly birds and certain flying insects 
Equilibrium receptors are also especially important when the center of 
gravity is well above substratum as in many birds and mammals. 
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Circulation of Body Fluids 


I n the preceding chapters the physiological and biochemical adapta- 
I tions to specific environmental factors have been described. We 
I now pass to a scries of functions which serve in reactions of the 
organism to the environment as a whole. We shall consider first the circulation 
of body fluids, the mechanisms for the transport of food, oxygen, waste 
products, hormones, phagocytic cells, and other materials from one part of 
the animal to another. 


THE CIRCULATORY SYSTEM AS A WHOLE 
Morphological Types of Transport Mechanisms. A definitive and mutually 
exclusive morphological classification of transport mechanisms is impossible, 
because various animals have dissimilar structures serving the same function. 
A working classification follows, with the recognition that it is incomplete 
and that many degrees of intergradation exist/ 111 
Intracellular Transport, In protozoans there is usually much protoplasmic 
movement, this streaming supplementing simple diffusion in the exchange 
of materials between the organism and its environment. Considerable 
churning and mixing is an accompaniment of amoeboid movement, and in 
many dilates food vacuoles follow a definite course through the organism. 
In metazoans a certain amount of protoplasmic streaming occurs in most if 
not all cells (see Ch. 17 for discussion of streaming). 

lixtra-organismic Mechanisms of Transport, In many animals, particularly 
sponges (Fig. 196, A) and coelenterates (Fig. 196, B), the water in which 
the animals live provides an effective medium for transport. Exchange 
between body cells and external medium is as free as it is in the Protozoa. 
The external medium passes in and through definite channels and may 
transport food, oxygen, and possible coordinating substances from one region 
of the animal to another, as in the coelenteron of coelenterates. In the 
channels the fluid may be propelled by ciliary activity or by muscular move¬ 
ment of .the animal. Fluid from outside may enter special cavities and be 
passed through these cavities in a definite fashion, to serve principally in 
respiration and digestion. 

Transport in Fluid-Filled Body Spaces: Transport in primary body 
cavities. A special body fluid is transported, chiefly by muscular movement, 
through various types of primary body cavities. A pseudocoelom is found 
in such groups as. nematodes (Fig. 196, C), entoprocts, and rotifers. A 
hemocoel comprises the principal passages in the open circulatory system 
present in most arthropods in many molluscs. Here a heart pumps 
531 
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blood out through arteries which reach body tissues by way of blood spaces 
which are derived from the blastocoel or primary body cavity. The blood, 



A. SPONGE B. COELENTERATE 



Circulation of Body Fluids 


533 


(Fig. 196, E). The primary body cavity persists in internal transport in 
the form of intercellular spaces, in animals with closed circulatory systems. 

Coelomic internal transport. The coelom is a special, mesodermally 
lined organ, more or less extensive in such groups as echinoderms, annelids, 
sipunculoids, ectoprocts, and chordates. In the blood-sucking (Gnathob- 
dellid) leeches the coelom is reduced to a system of tubes which contain a 
pigmented fluid. Also in some polychaetes and echinoderms the coelomic 
fluid contains corpuscles with respiratory pigments. The coelom is reduced, 
in those molluscs with hemocoelic circulation, to the pericardial cavity and 
the lumen of gonads and kidneys; the coelom is reduced in arthropods 
(Crustacea particularly) to cavities of gonads and kidneys. In vertebrates 
the coelom persists as peritoneal, pericardial, and pleural cavities. 

Blood vascular system. A closed system of tubes, often with one or 
more pumps, is found in oligochaetes (Fig. 196, D), many polychaetes, 
rhynchobdellid leeches, phoronids, brachiopods, nemerteans, cephalopod 
molluscs, holothurians, sipunculoids, and vertebrates. The blood and tissue 
fluids are separate, although a certain amount of exchange occurs between 
them. The blood comes into intimate association with the tissues, either by 
capillaries or by closed sinuses. 

Lymphatic channels. In the vertebrates (Fig. 196, F) the intercellular 
space (primary body cavity) is connected with the blood vascular system 
through lymph channels. These converge on veins and form a lined net¬ 
work which may be as extensive as the capillary bed. In some animals 
(amphibians and teleosts), there may be lymph hearts. 

In the above classification each system builds on the preceding ones. There 
may be numerous fluid compartments in one animal. For example, in ver¬ 
tebrates the fluid spaces are: cardiovascular system, lymphatics, intercellular 
spaces, and coelom. The distinction between "open” and “closed” vascular 
systems is relative rather than absolute. Those animals in which the blood 
passes from arteries to veins predominantly by way of small lined vessels 
can be considered to have closed vascular systems. In general, the efficiency 
of a closed system is greater with respect to velocity of blood flow, economy 
of blood volume, and maintenance of blood pressure. 

Blood Volume. In animals with a closed circulatory system the volume 
of circulating fluid is relatively fixed. If the fluid volume increases, the 
pressure in the system rises; if the fluid volume is diminished the pressure 
falls. Determinations of blood volume are made by measuring the dilution 
of a known quantity of some material which is added and which remains 
confined to the blood stream. Early investigators measured the concentra¬ 
tion of hemoglobin in a small sample of blood; they then drained out the 
blood from the animal, extracted the hemoglobin from the viscera, and 
calculated the blood volume. Another method for calculating blood volume 
is by using carbon monoxide, which can be given in a small known amount. 
On the assumptions that circulating cells pick up COjnd that complete 
mixing occurs rapidly,*the total blood volume can be cdc&ted from concen¬ 
tration of carboxyhemoglobin. Dyes are also used: Evans blue (1-1824; 
combines with plasma albumin in vertebrates and leaves the blood very 
slowly; a known amount of dye is injected and the^ dilution of dye m the 
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blood is measured. Red blood cells containing radioactive iron or phos¬ 
phorus, or protein with radio-iodine, have also been utilized in determining 
blood volume. These various methods consistently give somewhat different 
values of estimated blood, volume, and much has been written explaining 
these differences. More striking, however, is their general agreement. In 
Table 66 are given some blood volume measurements made by bleeding and 
hemoglobin estimation, and published in 1854 by Welcker, and beside 
them a few values obtained by modern methods. 

The blood volume in mammals comprises normally 7 to 10 per cent of 
the body weight. The lymph volume is not known in any animal, but the 
total extracellular space as indicated by such substances as thiocyanate and 
by radioactive sodium, materials which are taken up very little by tissue cells, 
is 20 to 30 per cent of the body weight of mammals. Birds and amphibians 
have blood volumes similar to those of mammals, In elasmobranchs the 
blood volume is less (about 5 per cent of body weight), whereas teleosts 
have the least blood (1.5 to 3 per cent). 

In animals with open circulation the blood volume should be essentially 
the same as the total extracellular volume in animals with a closed circula¬ 
tion. Such data as are available are given in Table 66. In Cambams both 
the T-1824 space and the thiocyanate space are 25 per cent of body weight. 15 '" 1 
The blood volume as given by hemoglobin determinations is of the same 
order (30 per cent) in Arenicola and Planorbis; the blood system in Arenicola 
is closed, and it is difficult to account for this large volume. The blood 
volume of larval insects is probably much larger than that of adult 
insects. 187 ' 215 Thiocyanate and T-1824 volumes are also similar in fresh-water 
mussels but are low (9-9,5 per cent of body volume), possibly because of 
by-passing some sinuses. 13911 In many invertebrate animals the specific gravity 
of the body differs from that of the blood, hence blood volumes are better 
expressed as fraction of body volume. 

In circulatory systems a small blood volume is more efficient than a large 
blood volume, in that the same blood is re-used more frequently in transport; 
on this basis the circulation of bony fish is more efficient than that of crus¬ 
taceans, Measurements by modern methods of the partition of body fluids 
in animals with different types of circulatory systems should add materially 
to our understanding of the maintenance of fluid balance. 

Pressure in Closed Circulatory Systems: Measurement and Regulation. 
In any closed tubular system containing a pump, a head of hydrostatic 
pressure is developed at the pump and the pressure declines with frictional 
loss in the tubes, particularly if the tubes are distensible. The principles of 
blood flow, hemodynamics, have been extensively-studied and are discussed 
in detail in textbooks of mammalian physiology. 120 In man the pressure 
in a large artery at the time of heart contraction (systole) is about 120 mm. Hg, 
and at the time of heart relaxation (diastole) is about 80 mm. Hg, often 
written 120/80. The difference, or pulse pressure, decreases as the blood 
proceeds to smaller vessels, and the pressure falls off rapidly in the arterioles. 
Velocity of flow is slow in the vast capillary bed, then in the veins velocity 
increases slightly although pressure continues to decrease. Blood pressure 
is normally determined by the peripheral resistance, the head of pressure 


Bleeding and 

Hb Estimation 

CO Method 

Dye Method 

7.6 




8.21 

8.4 


8.02 

8.05 

7.4 




9.54 

9,52 

7,2 




10.12 

10.77 


9.54 

7.9 

10.5 (I protein 9.4) 
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TABLE 66. BLOOD VOLUME IN MILLILITERS OF BLOOD 
PER 100 GRAMS OF BODY WEIGHT 

Measurements by bleeding and hemoglobin estimation, carbon monoxide, and dy 
(T-1824) dilution. Values by Welcker (W) are quoted from Reichert 
and Brown. 102 Some experimental data have been averaged. 


Man (W) 

Man” 1 
Man 00 
Dog (W) 

Dog* 

Dog 102 
Dog” 1 
Dog 18 
Dog 116 
Rabbit 48 
Rabbit (W) 
Rabbit 102 
Bull (W) 

Goat 182 
Goat 48 
Horse 162 
Horse 48 
Mouse 102 
Pigeon (W) 
Pigeon 102 
Small birds 102 
Lacerta agilis” 
Chrysemys picta 07 
Rana temp.” 

R. catesb." 

Rana pipiens 160 ' 

Frog 47 
Frog (W) 
Salamander (W) 
Bony fish (W) 


27.3 (SCN) 
8.0 (1-1824) 
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TABLE 66 (continued) 

BLOOD VOLUME IN MILLILITERS OF BLOOD PER 
100 GRAMS OF BODY WEIGHT 


Animal 

Bleeding and 

Hb Estimation 

CO Method 

Dye Method 

Tautoga 67 

1.5 



Antemius 18 " 8 



4.0 (SCN) 




1.8 (T-1824) 

Ophiodon (ling cod) 158 



3.1 (T-1824) 

Sebastodes 130 



2.8 (vital red) 

Cottas 180 



2.7 (vital red) 

Raja rhina™ 

■% 


5.3 (T-1824) 

Raja binoculata 180 



4.4 (T-1824) 

Squalus acanthi' 7 

3.7 



Squalus sucldii 




3“ 



5.2 

$ no young 



4.4 

9 with young 



11.2 

Lamprey (W) 

5.7 


i 

Planorbis 128 

30.0 



Planorbis 88 

58,1 



Fresh-water mussel 1 ®" 



9.5 (T-1824) 




9.0 (SCN) 

Arenicola“ 

29.0 



Arenicola 88 

38,2 



Carcinus 145 



37 (SCN) 

Eriocheir 117 



33 (SCN) 

Cambarus virilis ,5w 



25.6 (SCN) 




25.1 (T-1824) 

Bombyx larva 187 

28.6-31,2 



Galleria larva 187 

41.0 



Periplaneta adult 815 

4.7-6,9 




built up by the heart, and the volume of blood, Peripheral resistance is 
varied by constriction and dilatation of arterioles and capillaries, constriction 
of arterioles being by action of smooth muscle and constriction of capillaries 
largely by endothelial contraction. 124, u0,52 The peripheral responses may 
be local, as by direct irritation of capillaries or by axon reflexes (i.e., reflexes 
involving efferent branches of sensory neurones), or the peripheral responses 
may be truly reflex, or hormonal, Receptors are located in the carotid sinus. 


Circulation of Body Fluids 


537 


the aortic bodies of the aortic arch, and in pain endings. Some of the sensory 
endings of the carotid sinus are stimulated by pressure in the carotid artery, 
Impulses go to the vasomotor center in the medulla of the brain, from which 
vasoconstrictor messages leave over the sympathetics, and vasodilator messages 
by several pathways, including certain parasympathetics. A delicate balance 
exists between vasoconstrictors and vasodilators. Parasympathetic discharge 
causes vasodilatation and a fall in blood pressure, probably associated with 
liberation of acetylcholine, whereas sympathetic constriction is associated with 
liberation of adrenin (sympathin) somewhere in the chain of innervation of 
vessel smooth muscles. Adrenalin * causes a rise in blood pressure by its vaso¬ 
constrictor action. Numerous long-term factors, such as variations in arterial 
elasticity, presence of the vasoconstrictor, hypertensin, from the kidneys, 
and the general state of health, contribute to basal blood pressure levels. 

In general, the resting blood pressure is higher in large animals than in 
small ones (Table 67); carotid pressure in the horse ranges up to 190 
mm. Hg, Blood pressure at birth depends on the state of development of 
a particular species; arterial pressure at birth in the rabbit is 21 mm. Hg, 
in the cat 25-30 mm, Hg, and in the sheep, an animal more mature at birth, 
73 mm. Hg. 10 

The circulation is somewhat more sluggish and pressures are lower in 
cold-blooded vertebrates than in warm-blooded animals. The systolic arterial 
pressure in the frog is 30 mm. Hg, in gill arteries of the elasmobranch 
Scyllium 30 mm. Hg, and in gill arteries of the skate Raja 20 mm. Hg. 

The blood pressure is higher in bony fishes than in elasmobranchs. In 
fishes the blood leaves the heart via the ventral artery, passes through gill 
capillaries, and then enters the systemic circulation by the dorsal artery. The 
ratio of pressure in the branchial (ventral) arteries to pressure in the dorsal 
artery is about 3 to 2 (Table 67). Pressure in the pericardial cavity of fishes 
is negative. 178 

Regulation of blood pressure in fishes contrasts sharply with regulation in 
tetrapods. The autonomic system of fishes, particularly of elasmobranchs, 218 
is not sharply divided into sympathetic and parasympathetic divisions. The 
heart of fishes receives only what may be called parasympathetic (vagus), 28 
and the peripheral vessels may receive only sympathetic innervation. 8 The 
blood pressure in the branchial arteries is closely correlated with heart 
activity if water flow over the gills of a skate or shark is stopped, the heart 
stops and blood pressure falls. If the fish is injected with atropine, which 
blocks cardiac inhibition due to the vagus nerve, cessation of water flow does 
not affect the heart and blood pressure. 171 With each expiration the bbod 
pressure rises momentarily. 181 Afferent impulses in the vagus., hypobranchial, 
and lateral line nerves result in cardiac and respiratory inhibition. - Increase 
in pressure in perfused branchial arteries sets up sensory impulses m the 
branchial nerves, and the sensory discharge occurs when the arteries fill at 
each heart beat. 103 The junction of the third branchial vessel and the 
ventral aorta is the homologue of the carotid sinus in mammals. Injection 

* Adrenin (equivalent to epinephrine) is the natural compound produced in the body 
Adrenalin is a commercial product. Sympathin is the adrenm-hke substance apparently 
liberated at adrenergic nerve endings. 
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TABLE 67. BLOOD PRESSURE IN VARIOUS ANIMALS 


Expressed in mm. Hg; most measurements on cold-blooded animals were made in cm. 
H a O and have been recalculated to mm. Hg. Pressures given are systolic/diastolic ( as 
120/80), limits of systolic (as 90-100), or mean pressures. 


Animal 

Vessel or 

Sinus 

Pressure in mm. Hg 

Chordata 

Man 

radial artery 

120/80 

Horse 00 

carotid artery 

150-194 

Horse 122 

carotid artery 

183 

Cow“ 

carotid artery 

125-166 

Goat 00 

carotid artery 

120 

Goat 122 

carotid artery 

125 

Sheep 00 

carotid artery 

90-140 

Seal' 02 

femoral artery 

130-150 

Dog 100 

femoral artery 

110 

Rabbit 150 

femoral artery 

90-100 

Rat 23 

tail 

106 

Mouse 210 
(2,5-5 mo) 

tail 

111 

(13-14 mo) 

tail 

136 

50 

21 

Bat 122 

Rabbit at birth 10 


Cat at birth 10 


25-30 

Sheep at birth 10 

arteriolar capillaries 

73 

Rat 121 

22 

Guinea pig m 

arteriolar capillaries 

28.3 

venous capillaries 

25 

FowP 


180 

Cock 00 

carotid artery 

135 

Stork 122 


161 

Duck 122 


162 

Crow 122 


147 

Pigeon 122 

Crocodile 11 ' 2 


145 

30-50 

Pseudemys sp. 122 
Pseudemys elegans 100 


18-35 

31/25 (30°) 

Rana pipiens 20 


30.5/21 

Rana catesbiana 20 


32/21.2 

Rana sp. 17 

tibial artery 

10.9-30.9 

Rana 1 ’ 7 

aorta 

22/11 

Rana 101 

dorsal aorta 

30 

Lophius 174 


36.8 

Chinook salmon 80 

ventral (branchial) aorta 

74.6 


dorsal artery 

53.3 

Gizzard shad® 

bulbusarter. 

55/47.7 

Large m, bass 80 

bulbus arter. 

51.4/48.5 

, Channel catfish 83 


39.6/30.1 

Bullhead 85 . 


23.5/18.4 

Scyllium 17 * 

ventral aorta 

33.1/29.4 

intest, artery 

8.1-8.9 

Torpedo 17 * 

ventral aorta 

16.9/9.6 


intest, artery 

5.87 

Raja punctata 17 * 

ventral aorta 

16.1/7.4 , 


intest, artery 

5.1 ■ ■ 

Raja sp, 111(1 

ventral aorta 

20.6 

Raja sp, 110 

ventral aorta 

13.2 
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{. TABLE 67 (continued) 

l BLOOD PRESSURE IN VARIOUS ANIMALS 


Animal 

Vessel or 

Sinus 

Pressure in mm. Hg 

Squabs 130 

ventral aorta 

28.2/14.9 

dorsal art. 

15.4 

Carcharias 131 

ventral aorta 

32 


dorsal aorta 

23.3 

Ascidia 1 ® 


2.0 

Arthropoda 



Maja 08 

heart 

4/3.3 

pericardium 

1.8/1.5 


thoracic sinus 

1.8-2.5 

Homarus 20 

dorsal abd. artery 

7.35/6.6 

Carcinus 152 

sternal sinus 

9.6 

Astacus 102 

last walking leg 

14.7 

Cambarus (at rest) 101 

cheliped 

7.36 


2nd walking leg 

5.5 


4th walking leg 

5.6 


abdominal sinus 

6.0 

Peripatopsis 152 


7.36 

Dragonfly nymph 170 

abdominal hemoeoel 

33.0 

12 hrs. after molt 


freshly molted 


13-25 

Mollusca 


45/30 

Octopus vulgaris™ 

aorta 

Octopus vulgaris 00 

aorta 

(25-80) 

48-60 


gill veins 

5-6 

Limnaea stag. 182 

hemoeoel 

2.2-8.1 

Anodonta 132 

pericardium 

4.4 

f. w. mussels (at rest) 101 

ventricle 

0.89/0.81 

pericardium 

1.03 


postrenal sinus 

3.16 

Annelida 



Earthworm 101 

coelom 

4.4-5.5 

>9.3 

(attest) 


(active) 


Glycera 220 

body cavity 

0.4-1.5 
up to 5.9 

(at rest) 


(active) 


Neanthes 220 


0.735 

(at rest) 

body cavity 

dorsal vessel 

1,1-2.2 

(active) 

body cavity 

toll 

dorsal vessel 

to 17.6 

Arenicola* 1 

body cavity, \ 

2.94 

9.0 

anesthetized 

• V : 

quiet 


26,4 

active 

burrowing 


. 19.7 

Echinodermata 



: Caudina 212 

body cavity 

11 

29.4 

(at rest) 


(active) 
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TABLE 67 (continued) 

BLOOD PRESSURE IN VARIOUS ANIMALS 


Animal 

Vessel or 

Sinus 

Pressure in mm. Hg 

Thyone 2 “ 


2.2-4.0 

(lightly anesthetized) 

radial duct 

tentacular duct 

73-18.3 

(at rest) 

body cavity 

0-1.8 

(active) 

body cavity 

up to 27.1 

Sipunculoidea 



Phascolosoma 220 

body cavity 


(at rest) 


2.2-2,9 

(active) 


14.7 

Sipunculus* 50 

body cavity 

max. 79.4 

(quiet in water) 


1.5 

(active in water) 


15.8 

(burrowing in sand) 


70.5 


of adrenalin causes a prolonged pressor effect (rise in blood pressure), which 
may last as long as 1 to 2Vi hours. 104,140 However, the branchial vessels 
dilate to adrenalin, as do mammalian coronaries, in contrast to visceral 
vessels which constrict in response to adrenalin. 113 Embryologically the 
coronaries are derived from the gill arch vessels. Injection of acetylcholine 
inhibits the heart of skates but causes a rise in blood pressure; atrOpine 
antagonizes the cardiac effect but only slightly reduces the pressor action. 140 
The pressor action of acetylcholine is not the result of stimulation of sym- 
pathetics and adrenals, since direct observations of skate arteries showed 
that acetylcholine caused them to constrict. 9 In tetrapods acetylcholine con¬ 
stricts some vessels (e.g., the pulmonaries), but causes dilatation of most 
vessels; the dilating effect is antagonized by atropine. After atropinization, 
acetylcholine may raise the blood pressure of mammals by stimulation of 
the adrenals and of sympathetic ganglia. In fishes,, then, the blood pressure 
falls when the heart is stopped by the vagus; acetylcholine constricts most 
arteries and raises blood pressure in fish, whereas in mammals it dilates most 
vessels, Adrenalin constricts somatic vessels in both mammals and fish and 
dilates coronaries in mammals and branchials in fish. Elucidation of the 
details of the striking differences in innervation and drug effects in fish 
and mammals should aid in understanding the site of action of acetylcholine 
and adrenalin. 

In cyclostomes no innervation to the heart has been found, and destruc¬ 
tion of the spinal cord failed to alter heart beat in Petromyzon. m There 
is probably no distinct autonQmiC system in cyclostomes. 

Invertebrates of large size and high activity, and possessing a closed circu¬ 
latory system, show blood pressures comparable to pressures in vertebrates. 
In large cephalopod molluscs pressures in the cephalic artery of 47.6-60 
mm, Hg (maximum 80 mm. Hg) have been recorded, and in gill vessels 
5.4-6.1 mm. Hg 68 (Table 67). Mechanisms of regulation are unknown. 


Pressure in Open Circulatory Systems. One of the most striking differences 
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between animals with open and animals with closed circulations is the low 
and variable blood pressure in the animals with open systems. One of the 
most active of the large animals with an open circulatory system is the 
lobster; pressure in its dorsal artery is 5-17 (average 11.5) cm. H 2 0, with 
a pulse pressure of 10 mm, H 2 0. 25 Pressure in the sternal sinus of 
Carcinus is 13 cm. H 2 0. 152 In large specimens of Maja the arterial pressure 
is 45-52 mm. H 2 0, whereas pressure in thoracic sinuses is 25-34 mm, H 2 0. 58 

Pressure regulation and directions of blood flow in open vascular systems 
are poorly understood. In all animals in which the blood circulates in 
sinuses the flow is controlled much more by the activity of somatic muscul¬ 
ature than by heart activity and vessel size. Some small crustaceans and 
insects lack a pulsating heart. Septa separate afferent and efferent channels 
in gills (crayfish and lobster 39 ) and in legs (dragonfly nymphs 137 ). 

In some insects the heart is connected to the dorsal wall by alary muscles, 
which stretch the heart muscle. It has been suggested that the heart has an 
aspirator action, and that the pressure in the hemocoel is negative. 75,134 A 
drop of fluid on a cut appendage is sucked inward in many insects. 23,24 
However, in dragonfly nymphs the pressure in the body cavity is negative 
when the animals are anesthetized but not when they are active. 137 In a 
series of measurements on crayfish about 10 per cent of the animals were 
very lethargic, and, in these, negative pressures were recorded at the heart 
as well as in leg sinuses. 159 Pressure may be negative in extreme relaxation 
'but may increase by many times on motor activity. In dragonfly nymphs 
the pressure in the abdomen rises and falls with movements as in breath¬ 
ing. 173,137 In the crayfish the pressure in the hemocoel at the distal end of 
a leg is often higher than at the proximal end, and the pressure in the 
cheliped (average proximal, 8-6 cm, H 2 0; distal, 10-8 cm. H 2 0) may be 
higher than in walking legs. 101 Simultaneous measurements in several 
regions showed that the pressure increases with activity are not the same 
throughout the hemocoel. Pressure in the heart exceeds pressure in the 
legs except in activity. When pressure in an appendage rises because of 
muscular activity there may be backflow of blood or blood may be confined 
by valves at the joints of appendages. In Maja thoracic sinus pressure 
increases with leg activity. 58 In fresh-water mussels the pressure m the 
heart and pericardial sinus is low (Table 67), but when the body contracts 
during ejection of water through the excurrent siphon, the pressure m the 

sinus and heart doubles. 101 :, . n . 

In animals with an open circulatory system the blood flow in an organ is 
more directly a part of 'Voluntary’ activity and pressure changes are many 
times greater than in animals with closed vessels. In molluscs and crusta¬ 
ceans the blood volume is probably comparable to the volume of total extra¬ 
cellular fluid of a vertebrate, yet the blood pressure of a 
is only about 30 per cent of that of a 20 gram mouse Be vdocity cncu- 
latory flow in the crayfish is, therefore, very low; thealuggishnes of bM 
flow may be a limiting factor in the size of animals with an open circulation. 

In many tubular animals the presire in tods of the body 
dependent on tone of the body wall (holothunans, annehds-Tab 67), h 

such animals hydraulic mechanisms are important :r. other respects than the 
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circulation of essential fluids. Burrowing worms, particularly sipunculoids 
and some annelids, depend on proper changes in the coelomic fluid pressure 
and turgidity of the body. In Arenicola, for example, 41 pressure in the 
anterior body cavity when the animal was at rest averaged 12.2 cm. H 2 0, 
when active, 36 cm. H 2 0, and when burrowing, 27 cm. H 2 0; removal of 
some coelomic fluid delayed burrowing. In Glycera 220 pressure in the 
coelomic cavity of the animal at rest was 0.5-2 cm. H 2 0 and on activity it 
was 8 cm. H 2 0, whereas in Neanthes the pressure rose from 1-2-cm., resting, 
to 15 cm. H 2 0 on activity. In Neanthes, the pressure in the dorsal vessel 
tends to be higher than it is in the coelom, and it tends to increase more 
with activity. 

In sipunculoids high turgidity is essential for burrowing; eversion of the 
proboscis is accompanied by elevated internal pressure, but the retractor 
muscles can withdraw the proboscis against a high pressure. In the body 
cavity of large specimens of Sipunculus, pressures as high as 600 cm. H 2 0 
have been recorded, and in small Phascolosoma pressures ranged from 2.8 
cm. of body fluid in the relaxed state to 108 cm. when contracted. 220 Sipn- 
cuius is unable to burrow if the posterior part of the body wall is paralyzed 
by deganglionation, but if a ligature is then placed ahead of the paralyzed 
posterior half, the anterior portion can disappear rapidly into the sand. 192 The 
magnitude and speed of change of pressure are probably greater in sipun¬ 
culoids than in any other animal group. 

Hydraulic mechanisms are also important among echinoderms. In holo- 
thurians, for example, there are several fluid compartments, the water-vascular 
or ambulacral system, the sinus or pseudo-hemal system, the lacunar or blood 
system, the coelomic cavity, and the respiratory trees. Cilia maintain some 
fluid flow in the smaller passages; the filling and emptying of the respiratory 
trees has little effect on pressure in the coelomic fluid. The anterior ambu¬ 
lacra! system consists of two portions separated by a valve: the tentacular 
ducts, which feed fluid into the tentacles; and the Polian complex of radial 
ducts, ambulacral ring, and Polian vesicles, which is a fluid reservoir for the 
tentacular system. Pressure can vary independently in these two portions 
of the system: in Thyone pressure is normally higher in the tentacular duct 
(10-25 cm. H 2 0) than in the Polian complex (3-5.5 cm. H 2 0 in radial 
duct). 220 In the body cavity of a relaxed Thyone pressure is low (0-2.5 
cm. H 2 0), but on muscular activity pressure may rise to as much as 37 cm. 
H 2 0, and changes occur independently in the Polian vesicle and body 
cavity. 220 

PHYSIOLOGY OF HEARTS 

Types of Hearts. Any system for circulating a mass of fluid requires a 
repeating pump. To assure that fluid goes in a constant direction the pump 
either must be equipped with suitable valves to prevent backward flow or 
must compress its contained fluid in a continuous progressing wave. Some 
hearts employ one of these propulsion mechanisms, some use both. Morpho¬ 
logically hearts may be classified as (1) chambered heart, (2) tubular heart, 
(3) pulsating vessels, or (4) ampullar accessory heart. 43 

Chambered Hearts, Chambered hearts occur mostly among vertebrates 
and in some molluscs. Vertebrate hearts are equipped with valves and suc- 
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cessive chambers. The sequence of contraction is essentially similar in both 
the two-sided (4- or 3-chambered) and one-sided (2-chambered) hearts. 
During ventricular contraction, while the aortal (semilunar) valves are open, 
the aorta fills and the heart empties; ventricular systole (contraction) stops 
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Fig. 197. Correlated events of the cardiac cycle. Venous pulse, electrocardiogram, and 
heart sounds in man; aortic pressure, auricular pressure, ventricular pressure, and ven¬ 
tricular volume adapted from the dog. 1, Closure of the AV valves and beginning of 
ventricular contraction; 2, opening of aortic valves; 2-3, maximal ejection phase; 3-4, 
reduced ejection phase; 4-5, protodiastolic phase with closure of aortic valves at 5; 5-6, 
isometric relaxation, opening of A-V valves at 6; 6-7, rapid filling; 7 to auricular systole 
is phase of diastasis. Time marks at 0.1 sec. on venous pulse curve apply to lower three 
curves. From Fulton.’ 1 

when ventricular pressure falls below that of the aorta, then the aortal valves 
close (Fig. 197). During ventricular contraction the auricular pressure is 
below that in the ventricle and the auriculoventricular valves remain closed; 
as the auricles fill their pressure gradually rises while the ventricular pres 
sure is falling, the auriculoventricular valves then open, blood enters the 
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ventricle, and the auricle contracts until the high pressure in the ventricle 
closes the auriculoventrictilar (AV) valves (Fig. 197). in man the ventricles 
first contract with the AV valves dosed (isometric contraction) for 0,05 sec,, 
then during ejection of blood for 0.22 sec.; ventricular relaxation lasts 0.53 
sec., the auricles contract for 0.11 sec. and are in diastole 0.69 sec." 1 Thus 
the entire sequence in the vertebrate heart consists of successive contractions 
of auricles and ventricles and the closure of a valve whenever the pressure 
on the outgoing side exceeds the pressure on the incoming side. In the frog 
isometric systole lasts 0.06-0.13 sec., and apparently some blood remains in 
the ventricle after each ejection. 177 

In the amphibian three-chambered heart oxygenated anti non oxygenated 
blood are not separated in the ventricle but the blood returns twice to the 
heart for each cycle. In fishes with a single auricle and ventricle blood passes 
through the gill vessels before entering the aorta. A two channel heart not 
only separates oxygenated from oxygen-depleted blood but also permits 
higher pressures in systemic arteries than tire possible alter the blood has 
passed through gill capillaries. The establishment of a low pressure respira¬ 
tory blood shunt and consequent high systemic pressure aided reptiles .and 
homoiothenm to withstand the rigors of terrestrial life. 


The chambered hearts of the molluscs consist of either one or two auricles 
and one ventricle. The auricles tire usually receiving chambers with little inns 
culature, whereas the ventricle is a strong contractile organ. The systemic 



Fig. 198. Diagram of dorsal view of ventricle of the heart of Limulus pulyphemus, 
««, anterior aortae; la, lateral aortae; os, ostia; nine, median nerve cord (pacemaker 
ganglion); In, lateral nerves. From Carlson" 


heart of the cephalopod molluscs is particularly well developed; blood re¬ 
turns from the body by veins to the branchial hearts at the base of the gills 
and passes from the gills in veins to the auricles of the systemic heart. This 
arrangement of "booster" hearts proximal to the gills is more efficient than 
is the plan in fishes, in which the heart has to overcome the resistance of 
vessels in both gills and body tissues. The muscle of molluscan hearts, par¬ 
ticularly of cephalopods and gastropods, is striated. 180 

Tubular Hearts. The systemic hearts of most arthropods consist of con 
tractile tubes. There may be a thin receiving chamlrer (atrium) surrounding 
part of the heart, as in Limulus, or the heart may be free in a large sinus. 
It is usually anchored at several corners and receives blood through several 
paired ostia which are valved (Fig. 198). In many insects the heart is sus¬ 
pended by variously arranged alary muscles which maintain tension on the 
heart (see Wigglesworth, 200 for series of types). Blood leaves the heart by 
one or several arteries, always at the anterior end, sometimes also laterally 
and posteriorly. Myographic records indicate that the entire tubular heart 
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of Limulus contracts nearly simultaneously. 02 A wave of contraction occurs 
in some insect tubular hearts. 

Pulsating vessels. Blood vessels which contract with peristaltic waves are 
widely distributed. In annelids many blood vessels show rhythmic peristaltic 
waves. In the earthworm the contraction waves in the dorsal vessel pass from 
the posterior to the anterior end at a speed of about 20 millimeters per second 
and waves are repeated at the rate of about 15-20 per minute.' 43 The lateral 
vessels of the earthworm, usually referred to as the hearts, contract at rates 
differing from that of the dorsal vessel and each heart beats at its own rate, 
although the two hearts of a segment tend to contract together. In the leech, 
instead of a dorsal vessel, there are two lateral vessels which contract alter¬ 
nately. In Nereis the dorsal vessel contracts rhythmically at a somewhat 
slower rate than that in the earthworm. The circulation in Arenicola has 
been extensively studied. 70, H| 1110 The blood flows forward in the dorsal ves¬ 
sel, passing on each side by the gastric plexus to the lateral gastric vessel, 
and thence to the lateral heart, which pumps to the ventral vessel. The area 
connecting the lateral gastric vessel to the heart beats before the heart, and 
sometimes beats several times during, a single contraction of the heart. The 
dorsal vessel, and the lateral, esophageal, and some nephridial vessels are 
contractile; the ventral vessel and posterior gastric vessels are not, In general, 
the contractions of the annelid pulsating vessels are not as regular as the 
beats of chambered hearts. 

The distinction between tubular hearts and contractile vessels breaks 
down for some insects, particularly dipteran larvae. In Amphioxus many ves¬ 
sels are contractile and the wave of contraction spreads slowly; the heart is 
little more than “sinus venosus" and "conus arteriosus.’’ 180 

Ampullar Hearts. In several animal groups there are accessory organs for 
propelling blood through peripheral channels. The branchial hearts of the 
cephalopods consist of a spongy tiVue of faintly striated endothelial cells 
surrounding many small vessels, 130 These hearts are interposed between the 
systemic veins and the gill arteries. 

Among insects accessory hearts are very common, particularly at the base 
of antennae, at the attachment of wings, and in legs. 13 ' 1 Insect accessory 
hearts consist of muscle libers arranged in various patterns and serve to keep 
the hemolymph moving in the open circulation. 

Fishes, amphibians, and reptiles have lymph hearts which are contractile 
enlargements of lymph vessels and which tend to force lymph into the veins. 
Lymph enters veins at many points and not through thoracic ducts as in mam¬ 
mals and birds. The lymph hearts are composed of striated, anastomosing fibers 
and may have valves which prevent a backflow of lymph. In some amphibians 
destruction of all the lymph hearts is fatal, probably because of accumulation 
of lymph in tissue spaces. 87 

The myxinoid cyclostomes have several vein hearts which are valved but 
not contractile; a lateral cartilage can be pushed against the vein by muscles 
controlled by the. spinal cord. 170 

Pacemakers. Cardiac rhythms, unlike respiratory rhythms, usually origi¬ 
nate within the active organ itself rather than in extrinsic nerve centers. 
The nature and location of the pacemaker tissues differ in various groups 
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of animals. The cellular basis for rhythmic activity may he essentially simi¬ 
lar in all those tissues where a continuous energy source (e.g., oxidation) 
results, in repetitive activity-a relaxation oscillator. 

Myogenic Hearts. In the vertebrate heart the heat is myogenic; it originates 
in muscular tissue, In an adult frog or fish the beat can lie seen to start in 
the sinus venosus, and in an adult bird or mammal it can be seen to start 
in the sino-auricular node and spread to auricle and ventricle. In tissue cul¬ 
tures of embryonic heart muscles the fibers may develop rhythmic contrac¬ 
tions, and in a developing chick embryo contractions occur in the myocar¬ 
dium of the bulhoventride after only 29 hours of incubation. 1 * With devel¬ 
opment, the anterior regions of the heart gradually take over control of the 
rhythm. If the sinus venosus is removed from an adult amphibian heart, the 
normal rhythm stops, but other regions may take over initiation of regular 
but slower contractions. Similarly in mammals destruction of the sino auric¬ 
ular (S-A) node causes the heart to stop, at least until some other region 
initiates slow contractions. Local cooling or wanning is most effective in 
altering rate when applied in the siwwiuricular region; electrical stimulation 
elicits normal electrocardiograms only when applied at the S A node, and 
the first trace of the action potential in the heart appears in this region. By 
warming regions of fish hearts, Skramlih m found three pacemakers the 
sinus, the auricular door (canal between sinus and ventricle), and the auric 
uloventricular junction, and three groups of fishes were described according 
to the distribution of these centers. Vertebrate heart muscle, then, is ap¬ 
parently capable of spontaneous rhythmidty, but the muscle of the sinus 
region differs from other regions in rapid recovery of excitability, and this 
becomes the pacemaker. 

The wave of excitation which originates in the sinus is conducted over 
the atrial myocardium and then spreads in the specialized Burkin je tissue 
through the ventricle. The rapidly conducting Purkinje tissue apjiwirs to 
he an adaptation to high body temperature, since it is present only in birds 
and mammals; in other vertebrates ventricular conduction is in the myo¬ 
cardium. The vertebrate heart contains nerve cells, particularly in the region 
of the pacemaker, but these are secondary neurones of the vagus system. 

Certain drugs act upon pacemaker mechanisms and are useful in distin¬ 
guishing between neurogenic and myogenic hearts (Table 6H). The drug 
acetylcholine inhibits the adult vertebrate heart with respect to both ampli¬ 
tude and rate. Embryonic vertebrate hearts prior to vagal innervation are 
either insensitive to ACh, as in Pundulus/' or inhibited only by very high 
concentrations, as in the chick. 111 ' 1 Apparently innervation sensitizes the heart 
to the drug, 

Molluscan hearts also are myogenic. Nerve cells occur on or near the 
heart in cephalopoda, but these are secondary neurones of regulating 
nerves, 1,11 In certain gastropods nerve cells have been described by some 
observers and denied by others. 1117 Several histologists failed to find any 
nerve cells in the hearts of clams and mussels, lire beat can originate at 
any point over the heart, 21 A contraction may be local or may be complete. 

The action of drugs also supports the hypothesis that the origin of the 
beat in molluscan hearts is myogenic. Acetylcholine inhibits the hearts of; 
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molluscs (Gastropdoa, Pelecypodu, Cephalopoda) (Table 68). Molluscan 
hearts are very sensitive to acetylcholine, and inhibition of the heart of Venus 
has been obtained with concentrations as low as 10” 12 . 1B11, 11,(1 

In general, the hearts of molluscs are very sensitive to pressure; it has been 
claimed that some fail to beat unless they are distended. 08, 180 It has also 
been stated that small beats may occur in a collapsed heart. Certainly, when 
the internal pressure increases, the heats are stronger and more frequent, 
In Octopus vulgaris Frcdericq 118 recorded no beats at pressures below 2 
cm. H 3 0, and the frequency was higher at an internal pressure of 85 mm. 
H 2 0 (59/min.) than at a pressure of; 45 mm. FLO (52/min.). Also in some 
clams the heart rate is accelerated while water is being pumped through the 
mantle cavities. 114 The vertebrate heart also adapts to a given load so that 
as the blood volume in the heart is increased the strength of the beat increases 
(Starling’s law). 

Neurofienic Hearts. The hearts of most crustaceans and of Limulus have 
nerve ganglion cells on the dorsal surface which originate the excitation 
wave for the heart beat. In crabs and crayfish the number of these large 
ganglion cells is fixed.** 2(11 The hearts of higher crustaceans are accelerated 
by acetylcholine, an effect opposite to that in vertebrates and molluscs 
(Table 68; Fig. 198). Stimulation of the pacemaker ganglion of the crus¬ 
tacean heart by acetylcholine is analogous to stimulation of^ sympathetic 
ganglion cells by acetylcholine in vertebrates. In Artmk and Euhranchipus 
acetylcholine is without any effect, even in high concentrations; these hearts 
apjiear to be myogenic and noii-innervated. 1117 

The role of the dorsal ganglion is best shown in Limulus. I lie Limulus 
heart has eight pairs of ostia which serve to divide it into nine segments 
(Fig. 198); in the anterior half are live pairs of arteries plus one antero¬ 
median artery.* 0 Lateral trunks of nerve fibers run along each side and are 
connected by thin nerve bundles to the median ganglionic: trunk. This gan¬ 
glion contains scattered small multipolar nerve cells and large unipolar 
nerve cells, the latter located mostly in segments 4 and 5. Local elevation 
of temperature, as bv applying a warm test tube or local electrical stimula¬ 
tion, alters the heart rate most when applied to the fourth and fifth segments 
of the ganglion. Normal heart activity begins first in the muscle adjacent 
to the ganglion in the fourth and fifth segments. If the dorsal ganglion u 
removed, the heart stops beating. If the heart is then placed in NaCl solu¬ 
tion 111 ■ ** or if tension is applied as by inflating the heart, there may be 
some contractions; these contractions of the deganglionatcd heart are slow, 
and mav be local or peristaltic, hence they arc not normal beats. In Limulus 
embryos a heart beat (peristaltic) begins at 22 days, but no nerves ate pres¬ 
ent until the 28th day) 8 Drugs affect the heart differently before and after 
innervation;although the adult heart is accelerated by ^ 

tat of the embryonic heart prior to rnnervatron is unaffe ted. Evidence 
from action potentials, to be presented below, agrees with the: above. dan, 
that the large ganglion cells of the mid-segments originate the cxc.tat.on 
wave and relay it by way of the smaller neurones out to the muscle. Con- 
Son of excitation is by the median and lateral nerves, When the median 
nerve cord is cut away, bit by bit, the amplitude of the contractions dimtn 
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ishes, and when all of the longitudinal nerves are transected coordination 
between the anterior and posterior ends ceases, 

The hearts of some insects are neurogenic, Two chains of nerve cells 
occur on the heart of the cockroach, 1 - 13H and these probably are pace¬ 
makers. 1 ”' 1 In Aeschna, cells from the cardiac ganglion appear to have mi¬ 
grated to part of the stomatogastric system, 1 Maloeuf 11111 failed to find nerve 
cells in preparations of hearts of larval Anax and adult Belostoma, which 
beat normally so long as dorsal suspensory ligaments connected the heart to 
the body cuticle. Similarly in Agrion and Hydrophiks cutting of the alary 
muscles stops the heart, and nerve cells are said to be absent from the heart 
of Bombyx (Kuvana, in Maloeuf 111 ' 1 ). The innervation of insect hearts is 
summarized by Mclndoo; 11111 nerve cells are found in the hearts of several 
adults and nymphs (bee, cockroach and others) but are absent from hearts 
of larvae (army worm). Pharmacologically the hearts of the cockroach 
Blatta, the grasshopper Melatioplus, the cricket Stempelmatus, and the hon¬ 
eybee'behave like the hearts of Crustacea and of Lmulus, in that they are 
accelerated by acetylcholine. 157 - r ' 1 The hearts of larval wax moths Galleria 
are not affected in rate or form of electrocardiogarm by acetylcholine. 141 It 
is probable that insect hearts are unusually sensitive to tension and may not 
beat unless extended; it is also probable that most adult insect hearts are 
neurogenic, although the pacemaker cells may have migrated outside, and 
that some larval hearts may he myogenic. I he hearts of spiders are appar¬ 
ently neurogenic. 1 ' 1 ” , 

Among the annelids nerve cells have been described in the hearts of Arm- 
cola*" and Limhrieus; m these hearts contract by a layer of smooth muscle. 
Nerve cells were not, seen in Nereis (Ncanthes), in which the contractions 
are due to endothelium and Routtet-like cells.'**' ** The beats of A ■enicoh 
and Lumbricus hearts arc accelerated by acetylcholine 1 ' 10 (Fig. 210); it is prob¬ 
able that they are neurogenic. Distention by blood is important m the es¬ 
tablishment of contractions. 111 _ 

In the hearts of ascidians nerve cells have been seen in Uona and Mot- 
mla"" hut not in Sdpa. w ‘ 17(1 The beat normally originates at the ends of 
the heart, although Hunter" found that middle pieces in Molg uk mahat- 
imis contracted for some time after isolation. In Asadmitra ' and 1 ero- 
phora viridis m the beat is for a time in one direction (ahvisceral) and then 
for a number of beats in the opposite direction (advisceral). Normally the 
two ends are pacemaker regions. 180 Acetylcholine accelerates in Peropho- 
ra m. lw although it is relatively ineffective in Ciona, A rise in tempera 
turc accelerates the heart by the same amount, irrespective of the end at 
which the beat originates** The incomplete evidence available indicates 
that the hearts of ascidians, at least of Morula and Perophora, are neuro- 

8t Lymph hearts of Amphibia (frogs and toads) and fish (eel) are normally 
under control of the spinal cord. .The pacemaker characteristics m frogs and 
toads have been well summarized, 1 -' ^ When the connec mns of, he anu- 
ran lymph heart to the spinal cord are transected the heart usually stops tor 
a few minutes, and then beats spasmodically, the beat later becoming co 
ordinate and rhythmic, Anterior and posterior homolateral hearts are normally 
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synchronized. Lymph hearts transplanted to the superficial lymph sac of the 
tongue beat strongly although spasmodically. Posterior lymph hearts (Bufo) 
have several separate chambers, and when they are transplanted the beat 
of these chambers may not remain coordinated. 163 Histological examination 
failed to reveal nferve cells anywhere among the branched striated muscle 
fibers. In intact animals acetylcholine (10 -4 —10~ 6 ) may cause reflex in¬ 
hibition, but transplanted denervated lymph hearts are accelerated by acetyl¬ 
choline (lO -7 —10~ 9 ). This is an exception to the rule of inhibition and 
myogenicity, but lymph hearts are more closely related pharmacologically to 
skeletal muscle than to systemic hearts. 164 Normally the lymph hearts are 
controlled by the spinal cord, but they can readily revert to myogenic beats 
which are less regular and less coordinated than their neurogenic beats. 

From the preceding evidence, cardiac muscle of all animals is potentially 
capable of spontaneous rhythmic contractions. In embryos of vertebrates and 
of Limulus the heart beats without a fixed pacemaker. In adults the pace¬ 
maker becomes localized-specialized muscle in the vertebrate, and ganglion 
cells in Crustacea, Limulus, and many insects. After removal of the pace¬ 
maker, heart muscle may show some contractions, particularly if the heart 
is distended. Functional distinction between pacemaker nerve cells and sec¬ 
ondary neurones of regulating nerves must be made by deganglionation. 
Embryonic hearts prior to innervation, whether they are to be myogenic or 
neurogenic, are insensitive or very slightly sensitive to acetylcholine. In¬ 
nervated myogenic,hearts are inhibited, and innervated neurogenic hearts 
are accelerated by acetylcholine. Some adult hearts f Anemia and Eubran- 
chipus but not amphibian lymph hearts), are by this test myogenic and 
non-innervated. 

Heart Rates. Statements of absolute heart rates are of little value unless 
the conditions are stated accurately. There are extensive tabulations of heart 
rates. 122 ' 170 In general the heart rate is slower in sluggish animals than in 
active ones. For example, among molluscs, heart rates in clams range from 
0.2 to 22 per minute, whereas in squid and octopus the heart may beat at 40- 
80 per minute. 170 Heart rate in fast-swimming fish exceeds the rate in slug¬ 
gish ones. The rate of beat in some hearts, as in Helix, increases many times 
as the internal pressure increases. 

Heart rate varies with size, age, and state of development. The fate of 
beat in a fish embryo increases as the embryo nears the time of hatching. 
Body size in a given class has been stated to be inversely related to heart rate, 
but it is probable that activity is more important. In Daphnia the heart beats 
about 150 times per minute, as contrasted with 30-60 beats per minute in a 
crayfish. The heart rate in large animals such as elephants and horses is 
25-40 per minute, compared with rates of 300-500 in rats and mice. Many 
insect hearts are fast, particularly when the animals are active. In the imago 
of Sphinx the rate is 40-50 per minute when at rest, 110-140 when active. 206 
The heart rate in birds is very high, 150-180 for domestic fowls, and several 
hundred per minute for smaller birds. 

Temperature is an important variable in determining heart rate. The high 
rate in birds is in part related to their high body temperature. Heart rate, 
in general, increases about two to three times for a 10 degree rise in tem- 
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perature; the rate of increase is not a linear but rather a logarithmic func¬ 
tion of temperature, and temperature characteristics have been obtained for 
the hearts of many species. 17 There is no uniformity in temperature charac¬ 
teristics of hearts, but several insects and crustaceans give Arrhenius ft values 
of 12,200 calories, whereas several molluscs give values of 11,200. 105 

Heart rates, then, are directly related to rates of metabolism, and any al¬ 
teration in metabolism is reflected in an alteration in heart rate. In addition, 
the ability to increase or decrease heart rate, and with it the cardiac output, 
is necessary for the efficient functioning of any cardiovascular system. 

Electrocardiograms. The conduction of the excitation from the pace¬ 
maker to and within the muscle of the heart is manifest by an action poten¬ 
tial wave. Because of the synchronization of many discharging units the 
potentials which can be recorded are large, even at some distance from the 
heart. At the same time the geometrical relations in chambered hearts are 
such that a complex wave is recorded, The electrocardiogram (ECG) is dif¬ 
ferent in hearts with muscular conduction from the ECG in hearts with 
nervous conduction. 

The electrocardiogram is similar in vertebrates whether ventricular con¬ 
duction is in Purkinje tissue (mammals and birds) or in muscle (poikilo- 
therms). Typically the ECG consists of a series of slow waves, upward (nega¬ 
tive) deflections called P, R, and T, and downward (positive) deflections Q 
and S (Fig. 199). The complex wave form of the ECG cannot be inter- 

I It HI 



Fig. 199. Electrocardiograms from man, leads I, II and III. From Katz. 

preted simply as propagation along a polarized membrane, as in nerve or 
skeletal muscle conduction. Rather, the ECG appears to represent a wave 
front spreading over the heart. An isolated sinus from the eel may show 
rhythmic simple diphasic waves (Fig, 200, B). 14 In A-V block or isolated 
auricle and sinus the auricle gives the P wave, often followed by a re¬ 
covery wave sometimes called X. 63 There is no doubt that the P wave cor¬ 
responds to conduction in the auricles. The PQ interval is delay at the au- 
riculoventricular junction, and the QRS complex corresponds to conduction 
in the ventricles. Early theories postulated a spread of excitation m Pur¬ 
kinje tissue down the ventricular septum and then in muscle fibers from 
endocardium out to epicardium, the different waves representing different 
times of arrival in the various parts of the ventricles. However, the com¬ 
plex is similar in frogs and fish, which lack a septum Records from the endo¬ 
cardium and epicardium, and from different electrical leads (across the heart, 
on one side, etc.) under conditions of local changes in temperature and ex- 
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trasy stoles led Moll 111 to the conclusion that the QHST complex represents 
the algebraic summation of impulses arriving asynchronously at the dillerent 
surfaces of tire heart. lire T wave is said to represent rejrnlnriiUtion of the 
ventricular surface, an upright T indicating earlier rcpol.iri/afion of the left 
ventricle, an inverted T earlier repnlarizatfon of the right side «f tin: heart 
(Figs, 199, 200). H1 That the T wave represents repniari/aiino is indicated 
by the action potentials of strips of heart muscle.'’" 



Kg. 200. ElcctmardioRram from an eel A, Normal ECU. fl, Activity of 
isolated sinus venom From fialtker '* 



Fig. 201, Electrocardiogram of systemic heart of Octopus. From Luiwd#.'*' 

The potentials of eel lymph hearts may be separated into two phases, a 
fast and a slow component. 1 " 1 Transplanted lymph hearts of the frog yield 
a simple diphasic wave. 188 

The electrocardiogram of other myogenic hearts also consists of slow 
electrical waves, The chambered hearts of Octopus (Fig. 201) show an in 
itial fast deflection, followed by a prolonged wave of negativity.” 1 m In 
Aplysia the ECG consists of slow waves with irregular deflections superim 
posed." 2 In Helix the waves are nearly smooth and consist of fast systolic 



Circulation of Body Fluids 


slow diastolic portions (Fig. 202’J 


dectrocardiogram of the 


oyster 1 "" and of fresh water mussels (Fig. 203) consists normally of a diphasic 
component near the beginning of contraction and a slow wave associated with 
contraction. The interpretation of the rapid and slow components in the 
iTiollusean electrocardiogram is uncertain, hut the fast wave probably repre¬ 
sents spread of excitation. There is some variability in shape, according to 
electrode placement. 

The neurogenic hearts of arthropods show very different electrocardio¬ 
grams; there may In* fast and slow deflections like those ol the myogenic 
hearts, hut in addition the arthropod electrocardiogram is typically oscilla¬ 
tory. The large waves have sometimes been designated by letters, correspond¬ 
ing to the terminology of the waves in the vertebrate ECG ," 11 This practice 


PiK. 202. Elwiroeartliojuam from Helix pomutia. From Arvanitaki and Cardot. 1 



Fig. 203. Elw'troeardiogram of fresh water mussel. 



FjK- 21M. Hleetrneardiogram from Axiom. From Hodman.'* 

is misleading and erroneous, inasmuch as the nature ol these deflections,is 
very dillerent in the two animal groups, In Figs, 204 and 205 are shown 
some representative patterns from hearts of arthropods, Astacus ■ < 

grasshopper." 1 Similar oscillatory waves were recorded kom hearts of \m 
uf Gulllm' 11 and Dytiscus. m The pattern of the ECG in arthropods vuucs 
greatlv according to electrode position, temperature, and other factors., in 
the grasshopper Melatwplus, for example, treatment with cold saline lend, 
to suppress the oscillations and to emphasize the large fast and slow waves 

1 ' l't "if probable dtt the kgt deflections ot the arthropod E p G 
muscular activity in which repolarization is slow. Such , complex action p 
tentials are frequently recorded from sheets of short muscle hbers, as in ver¬ 
tebrate smooth muscle (Gh. 16, p, 591). The oscillations m arthropod cla- 
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trocardiograms probably correspond to discharge from the pacemaker gan¬ 
glion cells, The presence or absence of an oscillatory ECG under '‘normal 11 
conditions may be an indication of whether a heart is neurogenic or myo¬ 
genic. The electrocardiogram of the polychaete Amtkola also shows oscilla¬ 
tory waves in addition to slow potentials.' ,r,M 

In Limulus the electrogram of the pacemaker ganglion separated from 
the heart shows bursts of impulses corresponding to each heart beat.®' "*■ 
158 Each burst of impulses corresponds to a heart heat, and a single neurone 

.WWW 
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Fig. 205, Electrocardiogram from grasshopper: A, at mom tenijicrature; If, after iivalmnit 
with cold saline; C and D, recovery from cold dim. Id an Cresritclli and Jalm,'" 




Fig, 206. Electrogram from dorsal ganglion of limulus heart. A,. Beats ieiordtd from 
fifth and from sixth segments of isolated ganglion, showing slow potentials with super- 
posed axon spikes. B, Discharge in single neurone of pacemaker ganglion during one 
beat. From Prosser. 1SH 

discharges several (2-15) times during a hurst lasting approximately a half 
second (big. 206). Each neurone usually discharges initially at a high rate 
and later at decreasing frequency. In preparations which are no longer fresh, 
or after treatment with abnormal concentrations of potassium or calcium, 
asynchrony appears and the individual ganglion cells discharge at random. 
Records from the midsegments where the large unipolar pacemaker cells 
are located show slow waves lasting more than 0,1 second, with axon spikes 
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superimposed (big. 206). It is probable that the excitatory wave originates 
in these large cells and that their slow potentials clectrotonically synchronize 
the discharge of the smaller multipolar cells. 

Electrocardiograms show three components: (1) "fast" waves associated 
with propagation, (2) "slow” waves probably associated with contraction, 
and (3), in neurogenic hearts, oscillations corresponding to the pacemaker 
discharge. 

Nervous Regulation of Hearts: Cholinergic and Adrenergic Systems, 
The vascular demands for blood vary with activity and stress. The heart 
accelerates or decelerates rellexly in efficient vascular systems, The higher 
vertebrate brain (medulla) contains a vasomotor center which receives im¬ 
pulses from; (1) specific vascular receptors by way of the carotid sinus, and 
depressor and vagus nerves, (2) general somatic and visceral receptors, and 
(3) higher centers in the brain. The heart rate rises in compensation for a 
fall in blood pressure, and the heart slows when the blood pressure rises. 
The vagus nerves slow the heart and reduce the amplitude of contraction; 
the primary vagus libers terminate in ganglia located in several regions of 
the heart," 11 " and secondary vagus neurones end in the heart musculature 
and nodal tissue. Secondary sympathetic libers cause cardio-acceleration, 
In addition, adrenalin added directly to the heart accelerates it, but in the 
circulation of the intact animal reflex control usually prevents marked accel¬ 
eration on injection of adrenalin. The embryonic heart beats for some days 
before innervation; during this early period reflex regulation of heart rate 
cannot occur/' 

Activity in the sympathetic fibers to the heart is associated with liberation 
of symputhin, an adrenalin like substance, Sympathetic innervation of the 
heart is lacking in fishes, but vagal libers are found in all classes of verte¬ 
brates, with the possible exception of cydostomes. 85,1711 Reflex inhibition of 
the heart of dogfish is obtained by stimulation of a variety of sensory path¬ 
ways. Inhibitory vagal reflexes can be elicited in the elasmobranch Scyllium 
by alferents in the vagus, hypohranchial, and lateral line nerves, 189 Altera¬ 
tion of water flow over the gills.affects both respiration and heart beat re- 
ilexly, Thu inter-renal glands of fish are well developed, and adrenalin in¬ 
creases blood pressure but has no effect or is slightly inhibitory on dogfish 
hearts, 8,1 

Acetylcholine (ACh) appears in perfused hearts during vagal inhibi¬ 
tion. 18 "* 187 Atropine blocks the inhibiting action of the vagus, and the 
drug physosiigmine (eserine) enhances the effect. Embryonic hearts beat 
for some days before innervation; during this early period reflex inhibition 
of the heart* does not occur; the heart is relatively insensitive to ACh. It 
is probable that the ACh acts at the synapses of the vagus rather than on the 
heart muscle/' Whether the secondary vagal fibers are cholinergic is not 
known, but, by analogy with postganglionic parasympathetic fibers in the eye, 
they may liberate ACh. Perfusion of very small amounts (10'" 10 ) of acetyl¬ 
choline may increase contractile tension of mammalian hearts. 138 

Reflex regulation of hearts is of general occurrence among all phyla of 
animals possessing hearts. The early literature has been excellently summar¬ 
ized/ 9 - :IT - 91 
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The distribution of inhibitory and accelerator nerves differs among various 
molluscs. In the pelecypods Mya, Anotlonla, :ii and Venus, a7 stimulation of [ 

the visceral ganglion results in cardiac inhibition, The palliovisceral con- ; 

nectives are accelerators, and no inhibitory fibers have ken found in chitons, 

Aplysia, the prosobranchs Haliotis and Natica, the tectobranehs Bulla and 
Pleurobranchea, the nudibranch Archidoris, or in AriolimaxA 1 The heart [ 
in Helix, Umax, and the .nudibranch Triopha receives both inhibitory and i 
augmentor nerves from the pleural ganglion. In Aplysia, stimulation of the 
pleurovisceral nerves accelerates and raises the tone of the heart, an effect 
which is suppressed by caffeine. 70 

In cephalopods, inhibition of both the systemic and branchial hearts by 
the visceral nerves was first seen by Paul Bert in 1867. In Octopus?* stimu¬ 
lation of a visceral nerve results in slowing of the heart; the two nerves are 
homolateral with respect to the auricles, hut overlap in ventricular action. 
Synchrony between the two branchial hearts and between the auricles is 
nervous. 00 ' 71 A single inhibitory nerve volley may delay one heart beat, an 
effect prevented by curare, The visceral fibers terminate in a cardiac gan¬ 
glion in which secondary neurones originate, 101 

Cephalopod hearts may also have accelerating fibers; 70 in K ledum and On 
topus the auricles can be stimulated to high tonus, whereas the ventricle is 
inhibited, and contraction can be elicited in a quiescent heart by stimulation 
of a visceral nerve, A positive inotropic (increased amplitude) cifcct builds 
up during repetitive stimulation 70 ' 71 and the threshold is higher for accel¬ 
erator fibers .than for inhibitory ones. 1111 

Acetylcholine inhibits the heart of all classes of molluscs (Table. 68, ; 

Fig, 206). Eserine fails to potentiate the nervous inhibition in cephalo 
pods, 110 although it does prolong inhibition by visceral ganglion stimulation / 

in Vewws, 150 Atropine is toxic and does not antagonize the inhibitory effect 
either of visceral nerve stimulation or of acetylcholine. 111 ' 100 Evidence for 
a chemical mediator in Venus was obtained by inhibiting a test heart with 
fluid from one inhibited by visceral ganglion stimulation. 150 Perfusion fluid 
from the heart of a cephalopod (Sepia, Octopus, Eledone) was passed into 
the heart of another individual; when the excitatory fibers of the visceral 
nerve of the donor were stimulated, the amplitude of the beat of the per- ;• 

fused isolated heart also increased, apparently because of a stimulating medi- [ 

f or ' , e [ Investigators failed to confirm this experiment; 71 also tests 
1 tor ACh in the .perfusate from the hearts of Octopus and Eledone during f 
visceral nerve stimulation were negative. Identification of the substances 
liberated by inhibitor and accelerator fibers in molluscan hearts would add 
considerably to the knowledge of nerve function. 

The hearts of Crustacea and of Limulus receive from the central nervous 
system several regulating nerves which are distributed to the pacemaker 
ganglion and the muscle. Extrinsic cardiac innervation has been de¬ 
scribed m detail by AlexandrowiczA 3 In 1896 Conant and Clark 10 proved 
by cutting and stimulation that the heart of Callinectes receives two pairs 
of accelerator and one pair of inhibitor nerves. Cerebral ganglion stimula¬ 
tion results m inhibition of the heart in crayfish, crabs, and Limulus .^ 40 - | 

in Limulus, the inhibitory nerves arise in the posterior part of the brain, in " I 


Crustacea both inhibitor and accelerator nerves arise from the subesophageal 
ganglion, the inhibitors always arising anterior to the accelerators. The sto- 
matogastrie nerves have no effect on the heart. 2 ®- m In Astacus the inhibi¬ 
tor nerve libers elicit maximal inhibition at a stimulation frequency of 45/sec, 
and accelerators are most effective at 30/sec. In the grasshopper, stimulation 
of either brain or ventral ganglia results in augmentation of heart beat, 
Acetylcholine accelerates the neurogenic hearts of arthropods, and the effect 
resembles qualitatively stimulation by cardioaccelerators (Fig, 209). Eser¬ 
ine has ken said to enhance nervous acceleration but not nervous inhibition 
in As/tfi'm’, 205 and to have no effect on either acceleration or inhibition in the 
crab Cancer."® Atropine antagonizes the effect of acetylcholine but has 
no effect on nervous control. There is no convincing evidence that either 
accelerator or inhibitor nerves in Crustacea are cholinergic, In D aphnia 
mechanical stimulation ol the intestine rellexly inhibits the heart and recov¬ 
ery of the heat, is hastened by acetylcholine, 11Hw although under other condi¬ 
tions acetylcholine may decrease the heart rate, 10 In the shrimp' Palaemonetes 
a hormone from the sinus gland accelerates the heart, 1711 
The only record of extrinsic nervous effects on the hearts of annelids is for 
Nereis and Arcnicola; stimulation of the ventral nerve cord inhibits the 
lateral hearts in diastole and increases the rate and strength of dorsal vessel 
contractions,Earthworm vessels continue to beat after destruction of the 
ventral nerve cord. 100,1 

Nervous control of the heart of ascidians has not been clearly demonstrated. 
Removal of the "bruin" from Ciona is said not to affect the heart, 10 although 
in Moh'ula the heat is made irregular, 10 ' In Ascidia mcntula removal of the 
"brain" results in luster heart rate for about a day, 00 
Neivous control of cardiac activity is found in most animals. Only in em¬ 
bryos (vertebrate, Limulus') and possibly in certain lower crustaceans, such 
as Artemid and 'Eulmmchipus, m is there evidence that nervous regulation is 
absent. In general, chemical mediators associated with activity of cardiac 
nerves are indicated. Acetylcholine inhibits the myogenic hearts of verte¬ 
brates and molluscs; it accelerates the neurogenic hearts of Crustacea, Limulus, 
ami some insects and annelids. Adrenalin accelerates all hearts, Evidence 
for cholinergic regulating nerves is available only for vertebrates and for 
Venus. Possibly undiscovered agents arc active as mediators-in some inverte¬ 
brates. 

DIRECT RESPONSES OF HEART TISSUES 
Effects of Drugs on Hearts, The literature on the pharmacology of circu¬ 
latory systems is extensive and is useful for comparative physiology in so far 
as it aids in an understanding of hearts and peripheral circulation. The in¬ 
hibiting and accelerating actions of ACh are illustrated in Figures 207-210; 
these effects have ken discussed in the sections on pacemakers and nervous 
regulation of hearts. The action of drugs which potentiate or antagonize 
acetylcholine indicates interesting differences in cardiac mechanisms. 

Physostigmine (eserine) and prostigmine prevent hydrolysis of acetylcho¬ 
line by acetylcholine esterase; in the vertebrates they prolong the inhibiting 
• effect of acetylcholine and of vagal stimulation. Eserine sensitizes hearts to 
ACh. Potentiation of the inhibiting effect of ACh has been reported in the 
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big. 207. Effect of acetylcholine (8 parts in 10°) on turtle heart. 



ACH 5X ICf l! ACH 7 X10’" ACH I O'" 


Fig. 208, Effect of acetylcholine in three concentrations on heart of Venus mercermria. 
From Wait. 100 




. - Ach 10'--- 

Fig. 210. Effect of acetylcholine (1 in 10 7 ) before and after eserinization of the heart of 
Arenicola. From Prosser and Zimmerman. 1110 
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molluscs Helix, 110 Venus, m and Ariolimax . B0 Potentiation of the acceler¬ 
ating effect of ACh occurs in the arthropods Astacus, 132, 55 ?anulirus, m 
Homarus, 204 Limulus cardiac ganglion, 81 Cancer, 53 the insect Stenopelma- 
tus, 54 and in the annelids Arenicola and Lumhricus. 160 The sensitivity of 
hearts to acetylcholine is very great, A frog’s heart (eserinized) is depressed by 
1 part in 10 s , a lobster’s heart is accelerated by 1 part in 10 s , and when eserin¬ 
ized by 1 part in 10°; 204 a VewMS heart is sensitive to ACh 1 part in 10 10 , and at 
some seasons to 1 part in 10 12 (Fig. 208). 158,190 

Atropine antagonizes the action of ACh and vagal inhibition in the ver¬ 
tebrate heart, not by preventing the liberation of ACh but by blocking its ac¬ 
tion on the receiving cells. Similarly atropine antagonizes the acceleration of 
ACh in the arthropods Astacus, 132 55 Melanoplus , 84 Panulim, m Homa¬ 
rus, 204 and Cancer. 53 Atropine has a stimulating effect on the Limulus heart 
and may not antagonize ACh. 81 In molluscs, however, atropine is toxic; its 
effects are variable, and no antagonism of ACh has been found in Aplysia, 101 
Oslrea, 110 Venus, 156 Sepia, 118 Loligo, 11 Helix, 109 and Ariolimax, 55 and no 
antagonism of muscarine in Anodonta. 189 The receptor cells in which acetyl¬ 
choline is blocked by atropine appear to be nerve cells in vertebrate hearts 
(vagus secondary neurones) and in arthropods (pacemaker ganglia) whereas 
in molluscs the site of ACh action is muscular. 

Pilocarpine depresses the vertebrate heart; it is also inhibitory to the hearts 
of Anodonta 189 and Anomia . 14G Pilocarpine accelerates the hearts of Cancer, 
Maja, and Carcinus , 18 but has been reported as inhibitory in Limulus 34 

In the vertebrate heart acetylcholine resembles the drug muscarine in its 
inhibition of the heart and its atropine antagonism. Muscarine also inhibits 
hearts of the molluscs Anodonta, 189 Mya (after initial stimulation), 217 and 
Octopws. 161 The heart of Cancer is accelerated by muscarine, 53 but the 
Limulus heart has been reported to be inhibited. 147 

Nicotine initially slows and may stop the vertebrate heart, and later and 
in high concentration it accelerates and blocks the vagus. Inhibition of mol- 
luscan hearts, much like ACh inhibition, has been reported for Anodonta, 189 
Sepia, 118 Anomia, 146 Venus, 156 and Ostrea , 149 _ 

In arthropod hearts, nicotine initially accelerates in Homarus, 54 Cancer, 
Astacus, 55 Periplaneta, 214 Melanoplus, 84 and Limulus 34 After initial stimu¬ 
lation nicotine has a paralyzing effect ( Limulus, Periplaneta, Melanoplus), 
which has been seen in Limttlus to consist of a blocking of the pacemaker 


ganglion. 158 ',, , , , 

In its action on hearts of invertebrates acetylcholine cannot be character¬ 
ized as being like muscarine or nicotine. 

Adrenin is a natural cardioaccelerator of the vertebrate heart. Adrenalin 
is an accelerator of most other hearts: molluscs Aplysta, 1 Loligo, fresh- 
water mussels,'” Osta.,' 1 '' ^ V T’m “j 

arthropods Limulus, 31 Asimis.“ Crniw, and ‘ 

Homrns,® and annelids Lumiricm and the leech. Slight species diff r 
ences exist in the effects on tone and amplitude, but in general adrenalin ac¬ 
celerates hearts, whether they are myogenic or neurogenic. Some hearts 
unaffected by adrenalin (CioM,’* Nereis,"* mi . 

■ The effects on hearts of drugs which potentiate and antagonize adrenm 
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(or sympathin) have not been much studied. Such substances as tyramine 
sparteine, and various animal toxins have been insufficiently studied and may 
be important ns naturally occurring regulating agents. 

Effects of Salts on Hearts. Hearts continue to beat lor many hours outside 
the animal body in a solution of properly balanced salts. What specific anions 
are in the solution seems to matter little unless they are toxic, and most hearts 
beat actively in a neutral mixture of the chlorides of sodium, potassium, and 
calcium (see Table 15, Chapter 3); a few hearts, particularly those of some 
marine molluscs, require magnesium in addition. Deviations from the opti¬ 
mum ratios of these cations have been used in analysis of the pacemaker, 
and conductile and contractile processes. 

The effects of any single element are multiple, depending on the condi¬ 
tion and previous history of the heart. The effects of an ion also vary with 
the concentrations of other ions, e.g., calcium antagonizes some effects of 
sodium, and potassium antagonizes some sodium action. Ionic ratios such as 
(Na+ -I- K + )/Ca +i may he more significant than absolute concentrations 
of each ion. I he effects of excess or deficiency of an ion in vivo may differ 
from the effects of such variations in vitro. 1 " The cellular bases of cardiac 
action of ions arc not dear, hut the gross eff ects show interesting comparative 
differences. 

Table 69 summarizes in simplified manner some of the reports of salt ef¬ 
fects on perfused hearts. 

Sodium chloride comprises the bulk of the solute in all body fluids and in 
physiological salt solutions. Effects of a deficit in Na 1 can be ascertained 
only by maintaining the osmotic cotjeemration of a solution by adding a non- 
electrolyte such as a sugar; effects of excess Na 1 are difficult to separate from 
osmotic effects, and in pure NaCl solution there is a deficiency of K 1 ' and 
Ca++. Table 69 shows that in general sodium has a stimulating action on 
heart pacemakers and favors contraction of heart muscle. Kingor found in 
1882 that pure sodium chloride solution will not maintain the heating of 
the frog heart; hearts of invertebrate animals also cease to heat in sodium 
chloride solution, Sodium initiates a fast hut irregular rhythm, and when 
sugar is substituted for sodium the rate of most hearts declines. 

Potassium lias been said to act oppositely on vertebrate and invertebrate 
hearts; the explanation is that it may act predominantly on pacemaker, con¬ 
ducting, or contracting mechanisms. In the perfused vertebrate heart, potas¬ 
sium has a striking depressant action on the contracting and conducting sys¬ 
tems. In excess potassium the heart relaxes and stops in diastole. Molluscan 
hearts are not very sensitive to changes in potassium but may be slightly ac¬ 
celerated by increase, and great excesses (6 to .7 times) may stop the heart in 
systole; there is no such effect on contraction and conduction as in vertebrates. 
In Pecten K+ seems not essential for maintaining the heart beat, and in Helix 
an apparent slowing is really the result of dropping alternate heats. 2 ® In ar¬ 
thropods also the pacemaker is stimulated (except in Cambarm ); the beat 
may become fast and weak. The low-potassium effect in Limidus is continu¬ 
ous, high-frequency discharge of many neurones in the pacemaker, and in¬ 
terruption of the normal rhythm; in the absence of K+ the ganglionic dis- 
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charge gradually stops. Arthropod hearts, with nervous pacemakers and con¬ 
duction systems, are more sensitive than molluscan hearts. 

Calcium antagonizes the effect of potassium and sodium on the pacemaker, 
and slows heart heats. In the perfused vertebrate heart the predominant cal¬ 
cium action is a marked enhancement of contraction resulting in systolic ar¬ 
rest; in the absence oi calcium the vertebrate heart relaxes and stops in dias¬ 
tole. Calcium is essential lor contraction; a heart stopped in zero calcium 
continues rhythmic action potentials, 1 ' 1 '' 1 In molluscs, however, the inhibiting 
effect of calcium on the pacemaker is predominant, and in excess Ca' H 
the heart stops in diastole by pacemaker inhibition. In the absence of calcium 
some molluscan hearts stop in diastole (Peclen, (him , Atimnia); in others 
(Helix, Octopus ) the pacemaker stimulation predominates, and in zero cal¬ 
cium the hearts stop in systole. 

In the arthmjtnds the action of calcium on the pacemaker is predominant, 
and high calcium slows the heart and stops it in diastole, whereas low Ca ++ . 
accelerates the heart, and zero calcium stops it in systole. In Limulus the 
systolic action of low calcium results from an increase in gross frequency of 
the ganglionic discharge, an increase in nerve unit frequency, and in 
the number of active units; in zero calcium there is a tendency to asynehroni- 
/atkin, 1 ' 1 * The pacemaker inhibiting action of high calcium predominates 
over the muscle contracting action in the arthropods and molluscs (except 
Pec ten), hut not in the vertebrates. The pacemaker stimulation of low cal¬ 
cium predominates over the muscle relaxing ellect in arthropods and in Helix, 
A ply sin, and Octopus, hut not in Pacini and Oslmt and not in vertebrates. 
In the oyster the pacemaker ellect of high calcium predominates, whereas 
the muscular ellect of low calcium (or high jmiassium) is predominant. 

Magnesium appears essential for rhythmic heating of the hearts of marine 
jielt'cypotU and gastropods. Magnesium lacks the nutsele contracting effect 
of (V \ hut like calcium in excess it inhibits the pacemaker, bringing about 
diastolic arrest. In molluscan hearts which require Mg 1 1 the omission of 
this dement results in acceleration and arrest in systole. 

Many of the above effects are referable not to single ions hut to ionic ratios; 
c.g,, some high potassium effects are prevented by simultaneously increasing 
calcium. Although the cellular nature of these ionic effects is unknown, salt 
studies are useful in separating pacemaker, conducting, and contractile 
systems. 

Kllects of Electrical Stimulation cm Heart Muscle. The muscle of a verte¬ 
brate heart is a syncytium of branched striated libers. Such a heart (adult 
or embryonic) is absolutely refractory to electrical stimulation during most of 
systole; it can be excited (is relatively refractory) at the end of systole and in 
diastole, hut an extra contraction elicited during this time is of submaximal 
height. Recovery is complete hv the end of diastole. Any extra contraction 
is followed by a compensatory pause longer than the normal diastolic pause 
(Fig. 210. Any contraction, rhythmic or in response to an electrical stimu¬ 
lus, is maximal for the state of the heart, although a distended heart is capable 
of enhanced contractions and quiescent strips show "staircase" responses to re¬ 
treated shocks. The vertebrate heart, therefore, contracts in an all-or-none 
fashion. When tetanized the heart shows spasmodic uncoordinated contrac- 
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lions scattered locally over its musculature, the condition of "delirium cordis." 
Anodal polarization results in relaxation of the heart. 

The muscle of molluscan and arthropod hearts is usually striated, some¬ 
times transversely and sharply, sometimes spirally and weakly.™ 5 In general 
the muscle fibers of invertebrate hearts are shorter and less branched than 
those of vertebrate hearts. Molluscan and arthropod hearts differ strikingly 
from vertebrate hearts in their responses to electrical stimulation.* 1 - 17 " I he 
muscle of these hearts is excitable at all phases of the cycle, hut the threshold 
is high in systole, approaching absolute refractoriness in early systole, 
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Fig, 211, Electrical stimulation at different times in the cardiac cycle of tire frttg heart. 
After Marty from Fulton," 1 



Fig. 212, Responses of Limuhis heart to stimulation of lateral nerves, Numbers indicate 
number of stimuli; note increasing response ami final tetanus. From Carlson.® 


and recovery of excitability is gradual during the contraction (Fig. 212). A 
strong stimulus applied during systole can elicit a contraction of greater ampli¬ 
tude than the normal heart beat, Further, an extra contraction is not followed 
by a corresponding compensatory pause. Most molluscan and arthropod 
hearts can be tetanized. These hearts, therefore, do not contract in an all 
or-none fashion; a normal contraction is never maximal. Certain intensities 
of shock applied to molluscan hearts during systole can result in diminished 
contraction;* 1 the explanation of this phenomenon is not clear. Carlson ob¬ 
served the above behavior in hearts of Mytilus, Cardium, Ariolimax, Pali 
nurus, Limulus and other species. Similar responses to electrical stimulation 
have been noted in the lobster," 7 cockroach, 313 IJmulus , m and Anodonta and 
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lhm m ' 1,111 In Octopus, m< 1,3 also, a shock applied during systole may 
prolong or heighten the contraction, extrasystoles are not followed by a com¬ 
pensatory pause, and the heart can be smoothly tetanized. Anodal polariza¬ 
tion slows or stops hearts of Leptodora, Daphnia, m and Murex w in diastole 
like the hearts of vertebrates. 

In IJmulus the cardiac ganglion contains two types of nerve fiber, large 
fibers which show a refractory period of 4-6 msec, and smaller fibers with a 
refractory period of 500-600 msec. 37 

The differences between arthropod-mollusc hearts and vertebrates hearts in 
response to electrical stimulation and in all-or-none properties may be due to 
differences in the syncytial nature of the heart muscle. The histological cor¬ 
relations with response are poorly known, and research should be extended 
m additional animal groups, 


CONCLUSIONS 

To be of adaptive value a circulatory system must respond to stress; blood 
must be available where it is needed in adequate amounts when required. 
Circulatory mechanisms differ greatly in their efficiency of response to stress. 
Open systems- coelom, pseudocoel, or hemocoel-without hearts are adequate 
where respiratory and nutritional demands are not great. Such pools of fluid 
can more adequately distribute oxygen than acquire it, With increase in body 
size and activity hearts are added to some open systems, as in numerous crus-' 
tacenns and molluscs. These hearts are incapable of developing high pres¬ 
sures, however, and circulatory flow is largely accomplished by the tone of 
liody muscles. The blood volume is large and the transport of oxygen from 
gills to muscle is relatively slow. Some annelids have in addition a system 
of dosed blood vessels, particularly for oxygen transfer, but the coelom re¬ 
mains the main circulatory mechanism for excretion and nutrition. The in¬ 
efficiency of the open system is solved in insects by reduction of the hemocoel 
to minor functions and by the carrying of air directly in tubes to the muscles; 
this permits high activity in a compact hotly. In die cephalopods and verte¬ 
brates part of the circulatory system became closed off in vessels, with the re* 
suit that systemic blood pressure is high, velocity of blood flow is also high, 
and blood volume is low (not known for cephalopods). The lower verte¬ 
brates retained a sort of open system, the lymph system, in which flow is aided 
by accessory lymph hearts; in higher vertebrates the lymphatics are of much 
less importance. Among vertebrates there are complex reflex and hormonal 
systems for the maintenance of blood pressure; the extent of similar regulating 
systems among invertebrates is unknown. 

1 leart muscle in all animal groups has some properties of visceral and some 
properties of somatic muscle, the ability of a heart as a whole to contract in 
all-or-none fashion may be related to the degree of its syncytial structure. 
Vertebrate hearts differ strikingly in this respect from mollusc-arthropod 
hearts. The property of rhythmic activity is inherent in many nerve cells and 
visceral muscles. It is not surprising, then, that cardiac pacemakers are di¬ 
verse and it is possible that the causative chemical rhythms are similar in all 
pacemakers. Myogenicity, which is more primitive, is retained in adult ver¬ 
tebrates and molluscs but is replaced by neurogenicity in most adult arthro¬ 
pods. 
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Nervous regulation of heart beat has evolved numerous times, sometimes 
with augmenting fibers, sometimes with inhibiting fibers, and sometimes with 
both. There is no evidence for nervous or hormonal control of peripheral 
blood vessels among any invertebrate groups. Activity in cardiac nerves ap¬ 
pears to be associated with liberation of chemical mediators, identification of 
which is sure only for vertebrates, The effect of acetylcholine on a heart de¬ 
pends on the innervation of the heart. 

The evolution of circulatory mechanisms shows many parallel develop¬ 
ments, each tending to make a given volume of fluid serve more efficiently 
the transport needs of the animal. Circulatory mechanisms emphasize the 
bifurcation of the phyletic tree and the great gap between vertebrates anc! 
prochordates (ascidians), 
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CHAPTER 16 


Muscle and Electric Organs 

T 

I he speed of locomotion of an animal, and hence its ability to get 
I food and to escape from predators, is partly limited by the reaction 

B time of its muscles. In addition to locomotion, muscles perform 

functions associated with digestion, excretion, and reproduction, and most 
animals have muscles of several characteristic reaction times. 

Contractile fibers occur in Protozoa, as, for example, the myonemes of Vor- 
ticella and Stentor. In sponges, contractile epidermal cells can close the 
oscula, while animals of all higher phyla have cells specialized for contraction. 
The cellular pattern of muscle evolved very early, and even coelenterates 
have some striated fibers. 

The cellular mechanism of contraction and relaxation resides in certain 
fibrous proteins which can undergo reversible folding. 0,10# ’ 218 How these 
proteins differ in fast and slow muscles is totally unknown, and a comparative 
study of the contractile protein, actomyosin, might well give evidence re¬ 
garding the fundamentals of contraction. 

A comparative study of muscles suggests that their properties can be con¬ 
veniently grouped into five general categories: (1) time relations of contrac¬ 
tion-contraction rate, time constants of excitation, conduction rate, refractory 
period, and frequency of stimulation for fused response; (2) dependence on 
facilitation (summation of nerve impulses); (3) maintenance of tension, re¬ 
laxation rate, and tonus; (4) spontaneous rhythmicity; and (5) chemical 
compounds in activation and liberation of energy. 


GROSS FUNCTIONS OF MUSCLE 

Muscles have been classified in many ways and no single classification is 
entirely satisfactory. We can first put muscles into two groups in terms of 
their function in the animal: 

1. Muscles with origins and insertions on skeletal structures, either endo- 
skeletal or exoskeletal, or on skin. These muscles are generally phasic, or 
muscles of movement. Examples are the muscles moving body appendages 
such as legs, wings, and mouth parts, muscles extruding or retracting a pro¬ 
boscis or tentacles, and muscles closing the valves of a pelecypod. Many 
muscles occur in antagonistic pairs—contraction of one reflexly inhibiting con¬ 
traction of the other, one causing movement in one direction, the other caus¬ 
ing movement in the opposite direction; other muscles pull against an elastic 
ligament, for example, clam adductors. Usually phasic muscles form part of 
a lever system and function by shortening (isotonic contraction) or by de¬ 
veloping tension while at a constant length (isometric contraction). No 
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muscle functions purely isotonically or isometrically, but individual muscles 
can approach these conditions. 

2. Muscles arranged around hollow structures, lacking strict origins and 
insertions, one portion of the muscle inserting into and hence pulling 
on another portion of itself. These are predominantly "holding” muscles. 
Among the vertebrates the smooth muscles of the bladder, the ureter, the 
stomach, and the intestine, and striated muscle such as the sphincter ani and 
esophageal muscle and the heart are circular muscles, as are also the body 
wall muscles of annelids, holothurians, and other "hohlorganartige Tiere,” as 
Jordan calls them. In general, muscles of hollow structures are slower than 
phasic inserted muscles; they also occur in pairs, e.g., the circular and longi¬ 
tudinal muscles of the body wall of annelids, producing reciprocal move¬ 
ments. These muscles contract against sacs of fluid rather than against skele¬ 
tal or cuticular structures, 

Muscles are also classified as tetanic (rapidly contracting) and tonic (hold¬ 
ing), 44 Frequently the same muscle can perform both functions. Some 
muscles with fixed attachments are tonic, as the clam adductors, but in gen¬ 
eral the tonic properties are more common among the muscles enclosing 
cavities. 

Muscles of both of the above categories are under reflex control, the 
tetanic more so than the tonic. Within a muscle the motor nerve fibers 
branch extensively among muscle fibers. A group of muscle fibers together 
with the motoneurone which innervates it constitutes a motor unit. In mam¬ 
mals several hundred muscle fibers may be served by one motor nerve fiber. 
In crustaceans and in some molluscs one motor nerve fiber may supply an 
entire muscle (see p. 596). The extent to which visceral muscles are 
organized in motor units is not clear. The smooth muscles of vertebrate 
blood vessels and pilomotors behave as if they were arranged in motor 
units. 40 By contrast, in intestinal, uterine, and cardiac muscle, and probably 
in the molluscan foot, conduction occurs from muscle cell to muscle cell 
or by a nerve plexus. Many muscles receive several types of innervation, 
separate motor innervations for fast contractions, for slow contractions, and 
sometimes for inhibition. 

If movement is to be useful not only must it be performed at a suitable 
rate, but it must be capable of gradation in rate and strength by one or more of 
the following mechanisms: (1) The grading of movement in a muscle organ¬ 
ized in units is regulated from the central nervous system by varying the num¬ 
ber of units active. (2) Activity in all types of muscle is graded in part by 
variation in frequency of motor stimulation of individual units, high fre¬ 
quencies eliciting strong contractions, (3) Another method of gradation 
is possible wherever multiple innervation occurs; different nerve fibers cause 
contractions of different rates, or cause either local or all-or-none contrac¬ 
tions, and inhibitory fibers diminish the effect of excitatory fibers. 

TIME RELATIONS OF MUSCLE 

Histological Correlations: Electron Microscopy of Muscles. Vertebrate 
muscles have long been classified as striated, cardiac, and smooth, and it 
has long been recognized that the fastest muscles are striated. Muscles 
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consist of separate fibers, and analysis of the ultimate contractile elements 
of muscle is currently being pushed from microscopic to molecular dimen¬ 
sions, Cross striations per se have no direct importance in contraction; 
non-striated muscles can contract; extraction of myosin, the principal con¬ 
tractile protein, leaves the striations intact. 21 ” Yet cross-striated muscles 
are in general faster than non-striated, and the material of the striations 
may have important metabolic effects on the contractile proteins. An elec¬ 
tron micrograph of a myofibril (Fig. 213) shows that it consists of myofila¬ 
ments which pass continuously through the A and I hands and which do 
not fold in contraction. 115 These myofilaments sometimes show regular 
spacings 400 l apart, but these spadngs are much less regular and sharp 
than are the 640 X spacings of collagen (Fig, 213). 
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Fig. 215, Electron micrograph of paramyosin filaments extracted from adductor muscle 
of Venus, stained with phosplTOtungstic acid. From Schmitt et b|,* p ' 


C4. 't. ■ 'l 1 Jill4 i 1 




580 


Comparative Animal Physiology 



and relative amount of connective tissue, Table 70 and Figures 216 and 
217 suggest the nature of the histological series. 

The cross striations of muscle consist of alternating strongly birefringent 
and weakly birefringent regions, the anisotropic (A) and the isotropic (I) 
bands, The A band is normally seen as darker than the I band in fresh 
or fixed tissue. The light I bands are divided by so-called Z lines, which 
are transverse boundaries between the structural units, sarcomeres; thus 
one unit or sarcomere consists of two light areas on either side of a dark 
one; changes in the width of both bands and in the birefringence occur 
during contraction (Fig. 216, A). A muscle fiber consists of a bounding 
sarcolemma, fibrils which are aligned with respect to striations, and a ma¬ 



Fig. 216. Views of muscle fibers: A, longitudinal, and B, cross views of striated fibers 
from sea-spider (Anoplodactylus). Sharp Q (or A) bands, J (or I) bands with 2 discs. 
Nuclei peripheral, fibrils nearly fill fibers. After Jordan. 181 C, longitudinal, and D, cross 
views of fibers from heart of Anodonta. Striations diagonal, fibrils peripheral and sparse, 
sarcoplasm abundant, nuclei central. Marceau. 180 

trix or sarcoplasm. Outside it is a variable amount of connective tissue. 
The myofibrils are contractile, and the sarcoplasm may also contain some 
contractile elements. 28 Smooth muscle fibers of vertebrates contain fibrils 
which lack striations; optically they are weakly birefringent. 

In arthropod limb muscles the striations are sharp and fairly close to¬ 
gether, the fibers are long and* in many (e.g., Crustacea) they are branch¬ 
ing- the fibrils (sarcostyles) are more separable than m vertebrates (Fig. 
216 A). Insect muscles may have striations less than 5-6 p apart and very 
sharp. The fast muscles of flight in a variety of insects exhibit closer 
striae (2u) than do their slower leg muscles (4 /0; in mandibular mus- 
cles striae are still farther apart (6 ■ $.«* In other insects the ratio of the 
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widths of A to I hands approaches 1 in faster muscles and is much less 
than 1 in slower muscles. 63 In crabs the striation widths exceed 10 a but 
tend to be narrower in the faster muscles of a given individual 18 ® The 
contractile proteins are distributed throughout the. fiber, hence the material 
of the striations is not concerned directly with contraction, and there is no 
clear explanation of why striated muscle is faster than non-striated. 



Anisotropic band 

Isotropic band 

Sorcoiemma 
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Nucleus 

Fig. 217. Views of muscle fibers: fibers of longitudinal retractor muscles of Thyone: 
longitudinal sections, A, in relaxed, and B, in contracted state; C, cross section in relaxed 
state. No striations, nO fibrils, much connective tissue. Olson. 581 D, Portion of muscle 
fiber from heart of C torn, Striated on one side, non-striated on other side. Bozler. 41 


Muscle striations are usually less sharp in vertebrates than in arthropods, 
sarcomere lengths are usually 2-3 ft, and in isotonic contraction they may 
sometimes be reduced to half this length. In amniotes and in some fish, 
striated muscle may be white or red. The color is less important than are 
other characters; in white muscle the fibrils are close together and abun¬ 


dant; in red muscle there is proportionately much more sarcoplasm, rich 
in myoglobin (Ch. 9). Muscle nuclei are peripheral in white fibers; some 
of them are central in red. White muscle is faster and fatigues more rapidly 
than red muscle. 1? r, 12 a j n t ke slow-moving sloth all skeletal muscles are 
of the sarcoplasm-rich, red type (Wislocki, in Hines 123 ). Vertebrate cardiac 
muscle consists of long branching and anastomosing red fibers which show 
j striations about 2-3 fi in length and are crossed at intervals by intercalated 

discs. In vertebrate embryos the muscle fibers are contractile before stria¬ 
tions appear, and striations increase gradually in number and in proportion 
to sarcoplasm. Embryonic muscle shows many of the physiological charac¬ 
teristics of slow muscles 298, 217 (Table 70). 

The muscles of many invertebrates, particularly of annelids, tunicates, 
molluscs, and coelenterates, are mixed non-striated and striated, and fre¬ 
quently are intermediate in character. Fibers of each type may occur side 
by side, or a muscle may he mainly striated or smooth. In the heart of 
Ciona, fibers have been seen which are striated on one side and non-striated 
on the other (Fig. 217, D 44 ), a condition sometimes seen in embryonic or 
regenerating amphibian fibers. 216 In several invertebrate phyla Bozler 43 dis¬ 
tinguished fast (tetanic) fibers with a few large dark fibrils at the periph¬ 
ery, and tonic fibers with smaller fibrils more extensively scattered through¬ 
out the fiber. It is probable that fibril distribution may be correlated with 
many functional properties of muscles. In several animal groups, particu¬ 
larly in annelids, molluscs, and ascidians, spiral striations have been de¬ 
scribed (Fig. 216, C). The fibrils are peripheral, and the proportionate volume 
of sarcoplasm to fibrils is high. These muscles are slower than vertebrate 
( red muscle. 

j; The smooth muscles of invertebrates, particularly of molluscs and holo- 

thurians (Fig. 217, A), are often long fibered. In the adductors of bivalves 
or the byssus retractor of Mytilus the non-striated fibers are large and run 
more than half the length of the muscle. 104 Fibrils have not been demon- 
j strated histologically in some of these long fibers. The smooth muscles of 

j vertebrates, particularly the visceral smooth muscles/consist of small spindle- 

shaped fibers, often less than a millimeter long and showing fibrils in cross 
section. In general the short-fibered vertebrate smooth muscles are slower 
f than many invertebrate smooth muscles (Table 70). 

Another histological correlation with the course of contraction is the amount 
of connective tissue in a muscle. The elasticity of a resting frog striated 
muscle fiber resides partly in the sarcolemma, 197,210 and non-contractile ele¬ 
ments such as connective tissue impose a "viscous” resistance to movement. 
No quantitative data are available, but in many smooth muscles the pro¬ 
portion of connective tissue to sarcoplasm is greater than it is in striated 

muscle (Fig. 217, A). . 

More data are needed for an adequate histological-functional correlation 
in muscle. Table 70 indicates the histological series from fast to slow mus¬ 
cles. The categories in this table are not rigid, and much overlap occurs. 
Many bizane types of muscle cells have been described (e.g., in As cans* 4 ), 
j » about which there is no physiological knowledge. It would be of interest 
to know more about branched red fibers like those in the tongue of higher ver- 



TABLE 71. TIME CONSTANTS OF MUSCLE, ARRANGED APPROXIMATELY IN ORDER OF DECREASING SPEED 



Dragonfly wing muscle 120 isolated j lOO isol- 
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tebrates. Some muscle fibers are partly striated aiul partly smooth (Fig, 
217, D). In general, sharp, closely spaced striations, many fibrils, a small 
amount of interfibrillar sarcoplasm, and long fibers are correlated with speed, 
while absence of striations, abundant sarcoplasm, central nuclei, short libers, 
and much connective tissue arc correlated with slowness. The size of tlu; 
sarcomere seems to be less important than the sarcoplasm-fibril ratio. 

Time Constants of Contractiqn and Excitation. The "speed" of a muscle 
can be measured by several criteria, not all of which are dependent on a 
common cellular basis. In Table 71 are given representative data on 
excitation times (e.g,, chronaxie), contraction time, relaxation lime, con¬ 
duction rate, fusion frequency, and refractory period in muscles. The values 
given are subject: to certain qualifications. Contraction and relaxation rates 
of Table 71 are for simple twitches or brief periods of tetanus. Lever sys¬ 
tems are not always fast enough to record accurately, hence true contrac¬ 
tion rates may be faster than recorded. Since some muscles can contract at 
several rates, depending on the stimulus (see pp. 596-600), the values in 
Table 71 are for fast contractions. Relaxation rates also are often a function 
of the lever system, yet differences in relaxation rates are greater than in 

Time 120/second 

^ Myogrpm — isometric 
M, sortorius—R. pipim 



Myogram — M. retractor 
Penis —Relegans 

Time intervals 0.1 sec-™ 




Myogram—circular muscle., 

C Turtle Intestine 

Time intervalJ 6.0 sec “nnrnmiiiniiyi,ib i ,...,,.,,,i(mrmrmni>imimin'rmririiiri(irrfmiimti( 

Fig. 218, Contraction curves of three muscles of different rates of nmunctiun and 
relaxation with adjusted time scales as indicated. From Cihun. 11 * 



contraction rates of different muscles. Some of the chronuxies are taken 
with preparations where nerve and muscle excitation could not be distin 
guished; chronaxies measured with small electrodes are shorter than those 
measured with large electrodes and tend to approach nerve chronaxies. An 
attempt is made in Table 71 to select values which are probably muscle 
chronaxies. Brief contractions of different muscles with adjusted time scales 
of recording are remarkably similar in shape (Fig. 218). 

contraction rates of some mammalian and bird muscles are faster at 
38 than the recorded rates of other muscles, An eye muscle, e.g., the in¬ 
ternal rectus, of a mammal contracts in less than 10 msec. A mouse breathes 
at the rate of 200 times per minute and has a heart rate of 200*300. Bird 
heart rates are often several hundred per minute, and a humming bird 
standing still in air shows a wing beat 55 times a second. The frequency 
or smooth tetanic fusion is not known for most of these fast muscles, hut 
for cat internal rectus fusion does not occur below a frequency of 350 tier 
second. 1 
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The flight muscles of insects have very brief twitch durations. Contrac¬ 
tion times of 15 msec, at room temperature have been recorded, am! these 
are probably longer than the )K‘tiod of contraction in the insect. Wiggles- 
worth 238 discusses insect locomotion in detail. Some of the measurements 
of wing frequency in 1 teats per second given by that author 32 are: honeybee 
(Apis) 180-250; humhleltee (ftmnhus) 130240; mosquito (Culex) 2/8-30/; 
fly (Musea) 180330; butterfly (Pieris) 9, 12; dragonfly (Aesehna) 22, 28; 
blowfly (Ltwilia) 87, In Drosophila replete the wing heats increase from 
about 120/scc. at 10 ! to 200/see. at 30 2’ In mosquito flight a complete 
contraction and relaxation cycle must he completed in about 3 msec. It 
has ben suggested 113 that in flight the muscles show an incomplete tetanus 
and that there is alternation among fibers from heat to beat. Leg, muscles 
of insects are somewhat slower (Table 71). 

Recent evidence 1 " 8 ' 1 indicates that in flies the wing muscles ate stirnit 
lated by stretch and heat at higher frequencies titan are shown by motor im 
pulses from the central nervous system. The intrinsic rhythm of the wing 
muscles is modulated by reflexes initiated in part from sense endings in the 
halteres as discussed in Chapter R 

Metabolism in rapidly heating (light muscles is very high, and many 
insects require a warming-up before flight. Most insects and humming 
birds with last flight muscles feed on sugar. 

Next in speed are tire* while muscles of vertebrate limits with conttaction 
times of 25 50 msec., and then the somewhat slower vertebrate "holding 
muscles," usually red, such as the soleus, with contraction times approaching 
TOO msec. Other red muscles such as the diaphragm are still slower in eon 
traction. Movements in embryonic muscles, as in a 16-day rat embryo, are 
slower than they are in adults, thresholds are high, and excitation times 
are long. Muscle chronuxies of a 5day chick are reputed m lie 60 times 
as long as in the adult low). 1 " 3 

The striated muscles of invertebrates have speeds similar to those ol ver¬ 
tebrate red muscle. Crustacean daws, squid mantle, and some coeleMer.ile 
muscles contract in about UK) msec. The adductor muscles of most bivalve 
molluscs have a striated portion which when isolated contracts in about 
100 msec., and a smooth portion which contracts more slowly ( iahle 71). 

It is difficult to get an accurate contraction rate for visceral smooth nuts 
tries. Spontaneous or induced eontraetions are often slow rhytimrie wave', 
taking several seconds lot contraction. The cat nictitating membrane coir- 
traction time is also several seconds. T he contraction -rate of single verte¬ 
brate smooth filters is not known, and part of the sluggishness of the whole 
muscle is due to the local nature of contractions, 

Conduction at Neuromuscular Junctions and in Muscle. Motor nerve 
impulses activate muscles by way of a neuromuscular junction. The nature: 
of this junction is not well known except in vertebrate skeletal muscle, in 
which it is a complex end plate to which both nerve and muscle contribute 
(Fig. 236). In smooth muscles the motor nerve libers branch extensively, 
surround, and may penetrate the muscle libers. 

An impulse in a motor nerve going to vertebrate, striated muscle tan 
sists in part of an electrical wave, the action potential, which travels at high 
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velocity (Ch. 23). At the end-plate a nerve impulse causes a local depolar¬ 
ization which is manifest as an end-plate potential (e.p.p.). The e.p.p. may 
be associated with an increase in acetylcholine at the end-plate, either from 


the nerve endings 5 


from the muscle sole plate, 173 ® The local 


end-plate potential is graded in size and spreads electrotonically for a few 
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duced (kg. 219). When the end-plate potential is reduced by curate tc 

be initiated^ wS*** ra “ le impulse can no longer 

be initiated!* 5 With two or more nerve impulses the graded e.p.p.V can 


summate. Eserine, which inactivates cholinesterase, enhances the e.p.p., 
but has no effect on the muscle impulse. The e.p.p., then, is graded, is 
local, can summate, decreases rapidly with distance from the end-plate, and 
when of sufficient size sets up a muscle impulse which is propagated along 
the muscle fiber, is all-or-none in height, and is conducted at a measurable 
velocity. Propagation in frog muscle at room temperature is 1-2 m./sec,- 35 
(Table 71). 

In most striated muscle fibers there is a marked negative after-poten¬ 
tial 204, 241 (Fig. 220), Veratrine enhances the negative after-potential; it 
also may delay relaxation by causing repetitive discharge. 146, 68 Negative 
after-potentials can summate and fuse in multifiber preparations, owing to 
asynchrony. 30 

The contractile response to a propagated all-or-none muscle impulse is a 
twitch; The muscle membrane recovers quickly, more quickly than the 
muscle can relax, hence the membrane can conduct impulses at high fre¬ 
quencies, keeping the muscle in a contracted state (fused tetanus), An 



Fig, 220. Action potential (solid line) and myogram (broken line) for sartorius of cat, 
Rapid propagated spike followed by slow negative after-potential, From Rosenblueth 
and Hoagland. 801 

isolated entire muscle fiber can be stimulated to give all-or-none twitches; 107 
a piece of fiber or intact fibers in poor condition, however, give local con¬ 
tractions which are not propagated, 111,55 In all-or-none twitches the muscle 
impulse activates the contractile elements over which it passes; in graded 
local responses the contractile elements are stimulated directly without a 
muscle impulse. The local contractions are graded, summate, and show no 
refractory period; hence the all-or-none nature of a muscle contraction re¬ 
sides in the mechanism of conduction rather than in that of contraction. 211 
Under conditions of fatigue, etc., the propagated response may disappear and 
local contractions occur in the region of a neuromuscular junction 90 or under 
the stimulating electrodes. In frog muscles small motor nerve fibers may 
cause only the graded local type of contraction, large motor nerve fibers the 
all-or-none propagated twitch (Fig, 229).^ 9, 150 How the muscle impulse 
activates the contractile elements is a major mystery, 






590 


Comparative Animal Physiology 


In Crustacea the graded potentials of the neuromuscular junction con¬ 
tribute largely to the total action potential of the muscle. Their role in con¬ 
traction will be discussed below. 

In long-fibered smooth muscles, such as the anterior retractor of the byssus 
in Mytilus, impulses appear to be propagated at a rate of 13-20 cm./sec. 
with a simple action potential of duration 2-3 sec. 104 - 105 When -the muscle 
is stimulated repetitively the action potentials increase in height (staircase) 
and at 5-7 per second can fuse. Either there is marked fiber asynchrony or 
else the action potential, although conducted along the muscle, is not an 
all-or-none membrane depolarization but resembles more a graded end-plate 
potential, 

In the retractor of the buccal mass of Helix the action potential con¬ 
sists of two waves, fast and slow (Fig. 221 ). 45 When stimulated through 
the nerve the neuromuscular junction is refractory for 10 msec., but thereafter 



Fig. 221. Action potential of fast and slow waves, and mechanical record from buccal 
retractor of Helix. A, Response to single stimulus. S, Response to repetitive stimulation 
at 1/sec., showing summation of contraction. Time in 1/5 second. Bolzer/" 

shows supernormal excitability with maximum facilitation at 50 msec.; the 
muscle potentials in response to stimuli at an interval of about 50 msec, 
summate. With repetitive stimulation at 10/sec. the muscle potential de¬ 
clines, and at 100/sec. there may be continued contraction but no demon¬ 
strable action potential. 186 The retractor muscles of Thyone also show fast 
and slow electrical waves. 90 None of these long-fibered smooth muscles 
have been examined in regard to conduction in their single fibers. 

Short-fibered and branched-fibered muscles present a difficult electrical 
problem. In the conduction wave of the vertebrate heart there are fast and 
slow components (Ch. 15). Recent observations 84 on single cardiac fibers 
or small bundles show that depolarization persists for tenths of a second, 
hence the slowness of the muscle may depend on its failure to repolarize 
quickly. Action potentials have not been analyzed from any of the short- 
fibered spiral striated muscles of invertebrates, 

Smooth muscles of higher vertebrates are innervated by postganglionic 
autonomic nerves, the sympathetics usually liberating an adrenin-like com¬ 
pound, and the parasympathetics liberating acetylcholine. Propagation along a 
sheet of smooth muscle has been variously claimed to. be (1) along each 
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muscle cell as in striated muscle, the muscle cells being innervated as motor 
units (nictitating membrane, blood vessels, pilomotors),' t0 ' m (2) from 
muscle cell to muscle cell by protoplasmic bridges (visceral muscles), 411 
(3) through the muscle sheet by a nerve plexus 4 (4) by diffusion of a 
mediator (sympathin) from cell to cell.- 05 Evidence for diffusion comes 
from the dependence of size of response on number of impulses; maximum 
tension in striated muscle depends on the number of functioning motor 
nerve fibers, whereas in smooth muscle the maximum tension when few 
fibers are stimulated approaches the maximum which obtains when the 
whole trunk is stimulated. Similar gradation of response occurs with in¬ 
jections of different amounts of adrenalin,- 05 Evidence for the first two 
hypotheses comes from electrical records. 



Fig. 222, Action potentials of nictitating membrane of cat: a to cl, curves resulting from 
increasing intensities of stimuli. Hccles and Magladerry, 02 



A B 

Fig. 223, Action potentials from the ureter of the rat: A, diphasic, and B, monophasic 
record with electrodes 1 mm, apart. Bozler. 61 

In the nictitating membrane of the cat a nerve volley insufficient to elicit 
a contraction sets up a slow negative wave (N) which may last 10 msec, 
(Fig. 222); threshold volleys elicit larger negative waves which appear to 
be related causally to contraction (A and B waves of Eccles and Magla¬ 
derry, 02 1 waves of Rosenblueth et al. 20S ), After these waves a large positive 
deflection is seen, and thereafter slow rhythmic oscillations may occur. In¬ 
jected adrenalin elicits rhythmic but less synchronous oscillations than nerve 
impulses, There is disagreement concerning the parts played by liberation 
and diffusion of mediator and by muscle cell impulses in this complex elec¬ 
trical response, In visceral smooth muscle records obtained with electrodes 
close together show monophasic‘or diphasic spikes resembling the impulses 
conducted along striated fibers (Fig, 223 51 ). In addition, a slow non-propa- 
gated negative wave may precede a spike, and there may be some residual 
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negativity following the impulse (intestine). 41 *' 32 Under some conditions 
(e.g., in pendular movement) the intestine may show a pre-contraction 
electrical wave which appears broader when the electrodes are separated; 
when the electrodes are close together fast spikes conducted in. millimeter 
units are seen. 4 In the ureter slow waves predominate over fast ones (Fig. 
223), but there is much species variation. 50 Rhythmic activity of visceral 
muscles is accompanied by repetitive discharges, the slow components show¬ 
ing summation. Extension to smooth muscle of the microtechniques used 
in studying end-plate potentials in striated muscle should help to clarify 
the electrical picture. 

Striated muscles show graded local mechanical responses which can sum- 
mate, graded end-plate potentials, propagated all-or-none spikes, and after¬ 
potentials. Just how the "fast" and "slow” electrical waves in smooth muscles 
compare with the striated muscle pattern is not clear. Apparently different 
components predominate in different muscles and graded potentials may be 
of widespread importance. 

EFFECTS OF REPETITIVE EXCITATION 

In the normal physiology of animals, muscles are rarely stimulated to a 
response by a single nerve impulse, Repetitive stimulation is the rule. Most 
muscles develop increased tension with increasing frequency of stimulation, 
but there is much variation in the magnitude of the frequency effect on 
tension, and several mechanisms contribute to the effect. 

In vertebrate striated muscles a single nerve impulse can elicit an all-or- 
none contraction. These muscles are non-iterative,. In other muscles (e.g., 
many smooth muscles) repeated stimulation is required to evoke a measur¬ 
able response; such muscles are iterative, A subthreshold stimulus delivered 
to any excitable tissue evokes an excitatory process which decays at a rate 
characteristic of the tissue. The excitatory state from one subthreshold stimu¬ 
lus can summate within a limited time with the excitatory, state left from 
a preceding stimulus. In non-iterative muscles a single nerve impulse sets 
up sufficient excitatory state at the neuromuscular junction to set off an 
impulse propagated over the muscle. In iterative muscles facilitation of 
nerve impulses is usually needed, and the contraction builds up as more im¬ 
pulses are delivered, 

When the stimuli applied via the nerves to non-iterative muscles (such 
as vertebrate striated) are submaximal, some fibers contract while others 
are subliminally stimulated, hence repeated stimuli bring into action more 
and more fibers, When, on the other hand, maximal intensities are used 
and all the fibers are responding, the tension also increases with increasing 
frequency but to a less degree than with submaximal shocks. Possibly the 
contractile elements do more work, the proteins folding more completely, 
with repeated excitation, More probably part of the work of contraction is 
required to overcome certain “viscous” resistance, to align, the molecules 
of sheath and connective tissue; when relaxation is incomplete between 
contractions, less work is necessary to overcome passive resistance, and 
when the contractions are smoothly fused maximum energy can go into 
the development of tension. The tetanus-twitch ratio is higher with sub- 
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maximal than with maximal stimulation, because both factors— increased 
number of fibers and incomplete relaxation-are effective. 

Isolated pieces of single frog fibers show summation of the local re¬ 
sponse, 211 and isolated entire frog muscle fibers which give all-or-none 
twitches have tetanus-twitch ratios varying from 1.3 to 6.7, 187 Tetanus- 
twitch ratios for entire frog muscle with maximal shocks are sometimes 
greater than 2 (Fig. 224), but in mammalian muscle higher ratios are found, 
e.g., cat gastrocnemius 3.3 and internal rectus 10.7. 75 ’ 123 The frequency 
for fusion is higher in white striated muscle than in red (Table 71). At 
frequencies 1.5 to 3 times the fusion frequency, the response diminishes, 

Not all non-iterative muscles increase in tension with increasing fre¬ 
quency of stimulation. Portions of the squid mantle contract as single motor 
units, 243 Mechanical fusion of the response to stimulation through the 
nerve occurs at 25 per second, but there is no increased tension; as the fre¬ 
quency of stimulation increases the response remains constant (Fig. 

225 ). 103 



Fig. 224. Isometric contractions of frog sartorius at frequencies given. 


I I 




Fig. 225. Contraction of mantle of squid to stimulation of giant fiber of mantle nerve 
at frequencies stated, Prosser and Young, 1 ” 3 

Vertebrate cardiac muscle increases in response hardly at all with in¬ 
creasing frequency, and has such a long refractory period that contractions 
do not fuse (Ch, 15, p. 565). After its refractory period, however, cardiac 
muscle is hyperexcitable; i.e,, its threshold is lower than normal. 

Some muscles have properties intermediate between non-iterative and 
iterative. Many smooth muscles of molluscs, for example, respond to a 
single stimulus but relax very slowly, so that contractions build up and ten¬ 
sion is held at low frequencies., In the byssus retractor of Mytilus, for ex¬ 
ample, the tension doubles when the frequency of direct current stimuli 
increases from one to four per second. 

In iterative muscles a single maximal stimulus does not elicit an all-or- 
none response of the entire muscle; there may be local responses. In addi¬ 
tion to the mechanical factor mentioned above for increased responsiveness, 
two other mechanisms are important, neuromuscular facilitation, and spread 
of excitation from cell to cell in a sheet of muscle. 
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Neuromuscular facilitation is shown by vertebrate striated muscle when 
it is partially curarized; one end-plate potential is insufficient for a muscle 
impulse, but by summation an impulse can lu* started. The muscle is 
normally non-iterative, but under partial curarization it is iterative. Crus¬ 
tacean muscles, as will be shown below, may respond completely to single 
impulses in a motor nerve filter of one type but require facilitation when 
stimulated by another nerve fiber. The daw closer of limdus responds 
weakly to single maximal stimuli, but at frequencies of 40 40 per sec. it de¬ 
velops 18-28 times as much tension. 



Fig. 226, Responses of flexor muscle of leg dactylopodite of (minus to repetitive 
stimulation, Frequencies, from highest tension, correspond to intervals of 4,0 5.4 74 
9,7,10.6,12,6,15,0,19.7,22.5, and 30.0 sigma, Pantin. ,s1 



Fig. 227. Responses of the sphincter of a sea anemone to repetitive stimuli, interval* 
between separate stimuli given in seconds. Panting 


Repetitive stimulation is essential to elicit complete responses of short 
hbered muse es where the excitation spreads from fiber to fiber or by t 
nerve network in the muscle. In vertebrate smooth muscles the mechanics 
response to single shocks may be propagated over many fibers (ureter), or ii 
may be local (intestine). The total response increases as more impulse! 
are delivered In the nictitating membrane of the cat the contraction rate 
and height of response increase up to 25-30 per seconds In coelenteratei 




excitation spreads over a nerve network, and facilitation may be neum neural 
as well as neuro muscular. Relaxation is slow, and as more stimuli are 
given more ol the muscle responds because more junctions are fadli- 
tated 1W1,11,1 (bigs. 22/ 228 ). In both jellyfish and sea anemones a long re¬ 
fractory pdd in the conducting units prevents any fusion of the mechani¬ 
cal response (Tig. 227), 1W) - ,l,i 

The body wall muscle of the earthworm responds to single shocks but 
excitation spreads with increasing frequency and fusion occurs at about 14 
jier second. Alter a brief tetanus, the responsiveness is enhanced for as long 
as 30 seconds. “ 

Long fifiered smooth ntuscies apjiear to summate less than short-filtered 
smooth muscles da 1 he long retractor oi I hyitne and the proboscis re¬ 
tractor of PhtwilmMu develop maximum tension (tetanus twitch ratios 
el 7 to 10} at low frequent ies ( 10 jier see.). 

Iwo general tyjies of mechanism jrmriit increasing contraction with in 
creasing frequency ol excitation; tin* overcoming of mechanical resistance 
’.or greater contractility i, and junctional (including imerlikr) facilitation, 
A comparative study ol rexjtunses m different frequencies would elucidate 
the basic difference* in the imjxtrtance of these mechanisms, 



Fig. 228. ftrqtntm of icily fi*h illhopallm) m repetitive stimuli, interval* kiwmi 
srjsurftr Miimilt givrn in xmintk Itulkak.* 1 


Mill,Tim; INNOVATION; .SUMMATION AND INHIBITION 

Many muscles receive dual or multiple innervation. In some the two 
innervation* arc antagonistic, 1 lit* vertebrate heart, blood vessels, and vis¬ 
ceral muscles are innei voted from the antagonistic sympathetic and para¬ 
sympathetic systems. Here one system "is excitatory, the other inhibitory. 
I be intestine is made in contract by parasympathetic and to relax by sym¬ 
pathetic impulses; the systemic arteries are affected oppositely. The retrac¬ 
tor jterns is contracted bv a nerve of sympathetic origin and relaxed by 
tire semis engenx arising in the sacral cord. A given type of nerve fiber 
may he excitatory for one muscle and inhibitory for another. The effects 
may even be reversed fry appropriate drugs; hence the state of the effector 
cells may decide the nature of the nervous effect. 

Another type of multiple innervation is found where two excitatory 
(motor) fibers go to a single muscle fiber. There is evidence 1 **' 180 Indi¬ 
cating that some skeletal mustles of the frog also have, in addition to nor¬ 
mal motor innervation, innervation by small nerve fibers which elicit, slower, 
smaller responses. Stimulation of the large-diameter (IS p) fibers sets, up 
propagated impulses and fast all or none twitches. Stimulation of the 
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smaller (5 p) nerve fibers elicits local graded jmtentials, called small-liber 
junctional potentials, which summato on repetitive stimulation and may 1 h* 
accompanied by local low-tension contractions, 10-15 per cent of twitch 
tension in magnitude (Fig, 229). The slow contractions may relax very 
slowly, but interposition of a twitch response, when repetitive stimulation 
of the slow nerve fiber has stopped, results in rapid relaxation. ‘The slow 
contraction develops tension faster with high frequency than with low fre¬ 
quency stimulation. Whether one muscle fiber receives both types of in¬ 
nervation is not yet certain, but the net died of the two lyjies of ji!x*r is 
peripheral gradation of response, the slow response being "tunic" in character. 
In mammalian striated muscle, small motor nerve hirers activate intrafusal 
muscle fibers and so regulate the afferent discharge originating in sensory 
spindles (Ch. 14), 

The most studied examples of multiple motor innervation are in arthro¬ 
pods. Early histological studies’ 1 ” 1, showed that whole muscles in many 
crustaceans and insects are innervated by only two (or a few) axons and 
that each muscle fiber has multiple innervation; U\, each muscle liber tv 



Fig. 229, Response of frog muscle to stimulation of large ami mimH film Admit 
potential from gastrocnemius, progressive pressure block to sciatic: 1, jmmmI blmk 
threshold nerve stimulation, only spike nspMiwi 2, ifitn-wd Mrtngdi. spike tolU-i'ii 
by small junction potential; 3, pressure increased, stimulus as in 2, only small iumlion 
potential remains. From Kulller and GerardT’ ' 


ceives branches from two or more nerve likus, often from each of the 
motor fibers to the muscle. Triple innervation of claw muscles is common 
among crustaceans,^ and even quintuple innervation has hm> Wli i„ ;t 
muscle of the S* of Wn»i» 1, j, likely ili.il imilii|,|,- i„nm'aii„„ „f 
single fibers and nmemlinn nl all the fa ofmuscle In the s»„„. 

IS a general rule among higher mistaceans anil i, mK ' 
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nmeh slower development of tension. Finally, each muscle receives one or 
more motor (exciting) axons and usually receives one inhibiting axon, the 
nature of the inhibition differing according to whether the contraction is 
"fast" or “slow." Tints, in contrast to the vertebrates, which grade movement 
mostly in the spinal cord, the arthropods show much control of gradation 
at neuromuscular junctions. A crab “thinks in its claws." 

Pantin' 81 ' 187 analyzed the effects of frequency, duration, and intensity 
of stimuli to the nerve on responses of walking leg muscles (largely flexors 
of the dactylnpodite) in the crabs Maja and Carcinm. At low frequencies 
there was little or no response to a single shock, a greater response after 
several shocks ( Fig. 226). With intensities just above threshold most units 
were brought into action at 60-100 shocks per second, and a maximum re- 
sjmnse occurred at 300 per second. If the frequency or intensity were in¬ 
creased abruptly hv 10 to 20 times threshold, or if single strong shocks were 
inserted in a series of weak ones, the rate and height of contraction increased; 
i.e., a quick resjxinse occurred and the muscle continued to respond at the 
new height even though the stimuli returned to the original rated’* 1 Pantin 
contended that such a quick response was clue to repetitive nerve impulses 
started by the interposed stronger stimulus. This would make for economy, 
as a few extra impulses from the nervous system on a low frequency back¬ 
ground could change the response from the slow to the fast type. The order 
(if threshold excitability is as follows: exciter of extensor, inhibitor of ex¬ 
tensor and exciter of flexor, and finally inhibitor of flexor. 


The functions of the different nerve fibers going to various muscles in 
many sjxieies have been analyzed in detail by Wiersma and his collaborators, 


particularly van llnrreveld and Marmont (summary by Wiersma 38 ®), It 
had Iktii shown earlier 1 ®"' 11:1 that the claw nerve of several crustaceans 
could he split into two bundles: one containing the large motor fiber caused 
contraction of the adductor and inhibition of the abductor, the other bundle 
containing the smaller libers had the opposite effect. Wiersma and his as¬ 
sociates traced the course of individual libers by methylene blue staining 
and identified their action by stimulating the separate nerve fibers and re¬ 
cording contiactions and muscle action potentials, 

The variation in pattern of nerve liber distribution among different spe¬ 
cies and in different muscles of one species is remarkable. Some muscles 
receive one excitatory and one inhibitory fiber; the walking leg muscles 
studied by Paulin are examples. Other muscles receive two excitor fibers 
and one inhibitor," 7 The larger motor fiber causes a contraction of short 
latency, rapid shortening, and high tension; this response includes an action 
jxtirutiu] which appears directly with stimulation, and shows little facilita¬ 
tion. Stimulation of the second or intermediate size fibers causes a contrac¬ 
tion which builds up slowly so that there is an apparent long latency, marked 
facilitation, and low tension; muscle action potentials recorded through 
holes in the shell are small, may not appear until after several stimuli in a 
series, and facilitate greatly. Fatigue of the slow system does not at the 
same time fatigue the fast system. Stimulation of the third, usually smallest, 
fiber inhibits the response to the motor fibers and is more effective: against 
the slow than against the fast contraction (Fig, 230). During complete 






598 Comparative Animal Physiology 

inhibition no contraction occurs, but facilitation may continue to be built 
up as shown on release from inhibition. 

The inhibitory fiber alone causes no observable electrical response in the 
muscle, When both slow excitor and inhibitor fibers are being stimulated 
repetitively (slow excitor as in crayfish abductor) the inhibitor liter may 
cause diminution of both contraction and action potential if its impulses ar¬ 
rive less than 10 msec, (maximum 2*4 msec.) before the excitor impulses 
(supplemental or electrical inhibition); or the inhibitor may cause reduction 
of contraction only, if its impulse precedes the excitor impulses by longer 
times or arrives simultaneously (simple or mechanical inhibition).*® 8 

The distinction between fast and slow responses is quantitative, The op¬ 
timum frequency in the slow fiber is lower than in the fast. At low frequen¬ 
cies (40-50/sec.) the difference in response between the two fibers is slight, 
but at high frequencies (over 100/sec.) the fast contraction is greater. 82 * The 
difference between the fast and slow contraction of the same muscle de¬ 
creases in the genus series; Cambarus > Randallia > Bkphmpoda dan¬ 
cer, so that in Cancer there is little difference between the two except in 




1 * * f *“ 

kency.®. » Tie flexor of the carpopodite of Pamlims has five axons: 

« exotors and one mhib tor.™ The amount of facilitation required to 
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exanple in the slow bender of Pachygmpm three excitor impulses are sup 
pressed by one inhibitor, m the slow closer response of Cmbarn one excitor 
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spond to single excitor impulses and are pot inhibited. In several Lances 
one nerve axon, either excitor or inhibitor, serves two muscles Often inner 
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Wimnia and his associates that tin* branching of axon terminations 
on crustacean muscle is extensive, burning a sort of network. un They pohtu- 
lated that conduction in the muscle is entirely by the nerve elements anti 
that within each muscle liter then; are separate contractile systems each ae 
tivated by its tivvn nerve lifter. Inhibition is most effective on slow coutrac 
timis ami can ad either between nerve impulse and muscle potential or be¬ 
tween muscle jmtential anil contraction, 

Evidence lor a different iuU‘ijnetati»m of the fast and slow systems has 
teen presented by Katz and KuHler. 1 * 11 ' 1 A muscle consisting of many 
parallel liters (extensor of car jnij* alia* in rrab or crayfish) was exposed ami 
stimulated directly; simple diphasic impulses which were propagated as in 



big, 231. Hectncal irxjmnsw font extensor of carpopodite of crab to puirrd shocks, 
interval between stimuli to fot axon wremivrly From above 24,12,4.6, 8,6.4, and 4,8 
see. Etui |il«ic potential* to worol shock show summation and jmipagateti spike impairs 
in lower 3 record*. From Katz and KuHler.** 

vertebrate skeletal muscle were recorded. In other preparations some nerve 
branches were .cut, leaving isolated branches intact; when the nerve was then 
stimulated and a recording electrode moved about on the muscle, local riega 
live potentials with all of the properties of the vertebrate end-plate poicntials 
(c.p.p.s) were observed (Fig. 231), The fast system has large ep.p.’s which 
give rise to conducted muscle spites; the "fast" e.p.p.Y show little facilitation. 
Ihe fast system fatigues rapidly, the excitatory process falling to une half 
in 5 msec. The "slow" system, m the other hind, has small c.p.p.'s which 
stetw much facilitation; at frequencies of 50 per «vfbr example, the e.p.p, 
* K rws ^ $ times its initial m, and at ISO per sec, the e.p.p. reaches a plateau 
5 to 10 times that at 50 per see, At lew frequencies (10/rec.), stimulation 
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of the slow system elicits no propagated spikes but only e.p.p.’s; although 
as the frequency increases spikes do appear. When the “fast” system is stimu¬ 
lated, propagated impulses are set up by single shocks and a fast “twitch” 
occurs. When the “slow” system is stimulated at low frequencies, only local 
end-plate potentials are recorded and local contractions occur, facilitation is 
marked; the e.p.p. grows as impulses arrive, some propagated spikes appear 
at high frequencies and the contraction grows proportionately more than 
the e.p.p. The e.p.p.’s and associated local contractions are more important 
than they are in frog muscle because of the much greater number of nerve 
endings, and the sign and shape of a potential recorded from the muscle 
surface depends on the orientation of the active recording electrode with 
respect to the loci of the e.p.p.’s. Stimulation of an inhibitory axon 1411 has 
two effects: (1) reduction in the e.p.p. and consequent suppression of spikes 
and local contractions, the inhibitory state persisting 20-25 msec., and (2) 
abolition of the local mechanical response without affecting the e.p.p. Once 
a propagated impulse is started there can be neither electrical nor mechanical 
inhibition. The electrical inhibition resembles the action of curare in re¬ 
ducing e.p.p. s of frog muscle. The mechanical inhibition can summate even 
at frequencies as low as 10 per second, 

1 he motor axons differ in the size of e.p.p. produced and in facilitation. 
It can be postulated that the fast and “slow” fibers liberate different amounts 
of “exciting” transmitter; however, all attempts to identify chemical mediators 
in crustacean neuromuscular systems have failed (see p. 614). A modified 
schematic representation-’ 2 "- »» of the transmission system follows: 

Motor impulse 
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uus » implicated neuromuscular system is high. Bronk M 
showed that the efficiency in terms of tension developed for heat produced in¬ 
creases as stimulation continues. The slow system is more efficient than the: 
fast one in that its ratio of heat to mechanical work is lower. 111 Only a few 
impulses need leave the nervous system to maintain contraction, and a shift 
m nerve fiber or a slight change in frequency from the nervous system 
changes the whole character of the muscular response. 

Multiple innervation of muscles occurs also in insects. 1 ""- One of the 
nerve fibers going to a leg muscle in a cockroach causes a tonic (slow) con 
traction; it discharges, when attached to the nervous system, at 30/sec., whereas 

!r.°. ther shows of 1»W spikes at 75/sec. and causes a quick 

igh level contraction. The slow system shows much facilitation, the fast 
system little or none No inhibitors were found in the cockroach but there 
is evidence for peripheral inhibition in leg muscles in Dixi m s, m 

In the clam Mya uremia, the adductor muscles and mantle retractor mus- 
cles receive two types <* nerve fiber.'"* One type discharges relic A at high 
frequency and causes rapid contractions; the other discharges slowly ami 
causes a prolonged tome type of contraction with low potential elcctric.il re¬ 
sponse. Such a system is efficient when a low level of contraction must lie 
r£” , and quick contractions superposed. The retractor nf 

the buccal mass of Helix appears not to he doubly innervated." 1 " In Pec ten 
the adductor muscle is composed of a striated portion for rapid swimming 
movements and a smooth portion lor maintained contraction.-’" During swine 
^es.mmthmu.iersinhihhed and part of this inhibition may lie pc- 

r CV dcn ,“ » t0 multiple innervation exits 

among annelids or echinoderms. 

As comparative studies of neuromuscular junctions are extended it be- 
come; apparent that these junctions serve many of the functions usually 
asenbed in vertebrates to the synapses of the central nervous system, 

RELAXATION RATES AND TONUS; 

MECHANICAL PROPERTIES OF MUSCLE 

The preceding sections show that muscles differ in their time constants 
inhSn M “7 lw " dependence on neuromuscular facilitation and 

Tahle” 7 “i d ’ fe ^ '1 ma ° (rcl “‘ k ’ n and “ maintenance of 
Knsion. I able 71 shows that relaxation times differ more than do central- 

t on times and that a muscle can contract fairly rapidly and relax extremely 
slowly (e.g, clam adductor). Contraction and relaxation are active processes 
both requmng energy; yet the rates of contraction and relaxation are de¬ 
termined m part by the mechanical properties of the muscle as a whole- 
connective: tissue elements, sarcolcmma, and muscle proteins. These mechimi- 
al properties particularly those of the contractile proteins, change dm'!" 
contact™ 1o what extent can differences in relaxation and maintenance 
o( tension be accounted for by mechanical properties nf muscle? 

lonus is the maintenance of tension under extension, or change i„ Wth 
without change in tension. It has been attributed to: (1) the^mechanfail 
«t of contracrile elements, (2) continued nervous bombardment, and 
w continued stimulation by chemical agents. 
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The mechanical properties of muscle have been studied by stretching and 
releasing under different conditions. Muscles have properties of viscous and 
of elastic bodies. When vertebrate striated muscle is stretched it develops 
elastic tension, and when the stretching force is removed the muscle returns 
rapidly to its initial length; its “viscosity” is low. When visceral short-fibered 
smooth muscle is similarly stretched it lengthens rapidly at first, then more 
slowly; it shows an initial elastic tension which falls off as the stretch con¬ 
tinues; smooth muscle behaves as a plastic viscous body. According to Win- 
ton- 10 smooth muscle can be represented by a model of three phases: pure 
elastic as a coiled spring, viscous-elastic as a spring damped in oil, and pure 
viscous as vanes in oil. Striated muscle can be represented by the first two 
of these phases. Muscles differ in the proportionate effectiveness of their 
elastic and viscous phases, 

Vertebrate striated muscle develops elastic tension when stretched; in 
addition it may develop tonus reflexly, i.e., initiated via the central nervous 
system by stimulation of stretch receptors within the muscle. Its tone results 




Fig. 232. Tension curves of snail retractor pharynx. In each curve the muscle was 
first stimulated, then after relaxation it was stretched by about 10 per cent of its length 
and then released. A, in air; B, in air and 6 per cent CO* Time in seconds in each. Note 
similarity of relaxation and release of tension. From Bozler." 


from continued discharge of motor impulses at low rates in a variable num¬ 
ber of motor units. Relaxation is complete when such nervous discharge 
ceases. In insects the contracted state in death feigning results from con¬ 
tinued nervous activity. That there is some “setting” or organization of me¬ 
chanical elements in striated muscle is shown by the observation 110 that if 
the muscle is suddenly either released or stretched during continued isometric 
contraction, tension is again developed over a time course corresponding 
to its new length. The tension developed by an excited muscle depends on 
the initial length of that muscle and is maximal at, the resting length. 108 

Short-fibered smooth muscle is sometimes said to have no fixed resting 
length. The tension in the mammalian bladder and in the gastral cavity of 
a sea anemone, in the coelom of Sipunculus, or in the gill cavity of an as- 
cidian, is relatively constant, whether the cavity be empty or full. The mus- 
c!cs are simulated by stretching. Man, hearts likewise are stimulated to 
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contract when distended (Ch, 15, p. 547). In vivo hormonal agents, par¬ 
ticularly acetylcholine and adrenin, are also important in regulating smooth 
muscle tone. Local, non-conducted impulses from a “pacemaker” region may 
result in tonus in an organ such as the uterus. 52 

Between these two extremes of striated skeletal and the smooth muscle 
of hollow organs are many muscles in which rapid reflex responses may he 
superimposed upon a tonic background intrinsic in the muscle. Squid chro- 
matophore muscles, for example, show a tonic state upon which twitches 
are superposed.' 10 Relaxation curves of nunierous molluscan and mammalian 
smooth muscles are similar to the curves of release of tension after a stretch 
(Fig. 232), 40, 47 However, if in addition the muscle develops tonus on 



imrnl ml- 
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. 1 ;^ 8 '. 233 ; ? esponses °* t)l2 b yf us factor of Mytilus to stimulation with alternating 
current and direct current. A, Three contractions in response to stimulation by AG (50 
cps; for 10 sec. each, and response to stimulation by DC for 10 sec. B, Response to AC 

rplayflC 01 e3C ^ mmut % nn Re / ponse t0 ^ H seconds per minute. Note delayed 
relaxation, summation with DC, fast relaxation and fatigue with AC, After Winton. 1! ' , 

stretching, the relaxation from a contraction may be faster than release of 
ension. Jordan and his students in many papers, summarized by Jor¬ 
dan 41 have shown that tonus in the molluscan foot is in part a response 
of the muscle to stretch but is regulated by the nervous system. It is sug¬ 
gested that the tonic and contractile mechanisms are separate. The pedal 
ganghon decreases the resistance to stretching but does not affect the con¬ 
tractility of the foot to an electrical stimulus, whereas the presence of the 
cerebral ganglion is said to increase the contractility without having any 
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influence on tonus. Similarly in holothurians cutting of the radial nerves 
decreases resistance to stretch. 134 At low temperatures resistance to stretch 
is greater than it is at high temperatures (AnodoutnP //e/kv'' 1 ). II it is 
stimulated during the gradual loss of tension while sketched, a Helix loot 
contracts and then relaxes to the level it would have reached had the release 
of tension continued uninterrupted. 

Increase in “viscosity” as judged by resistance to stretch during contraction 
and during chemically induced tonus has frequently been described. A strik 
ing alteration in "viscosity” is found in the anterior byssus retractor of Aiv- 
tilusr !f7 'This muscle lengthens linearly when stretched. When stimu¬ 
lated' with alternating current (AC) the "viscosity” is reduced, whereas 
after stimulation by direct current (DC) the "viscosity" is raised and may 
remain high for an hour or two (Fig. 233). Intermittent DC lowers the 
"viscosity” when the current flows for a small part of a cycle, hut the usual 
DC value is approached as the current flows a larger part of a cycle. AC 
causes a strong contraction followed by quick relaxation, and brief DC pulses 
applied every minute or two maintain tension with practically no fatigue 
(Fig. 233), It is suggested that the maintained tension results from high 
"viscosity.” 

In most bivalves the adductor contains a translucent soft striated portion 
which contracts and relaxes rapidly and fatigues after brief contraction. In 
Pecten the valve hinge is elastic, and by repeated brief contractions the 
scallop swims through the water. A smaller portion of the adductor is opaque, 
tough, smooth muscle which can remain contracted for hours or days with 
little or no fatigue. This tonus muscle can maintain high tensions, as shown 
by Marceau 1 ” 1 in the following table: 


Anodonta cygnea 

kg./cm. 2 

5.2 

Ostrea edulis 

12,0 

Venus verrucosa 

35.4 

Myths edulis 

11.3 

Pecten maximus 

8.5 


It was claimed by Parnas 1KH that the adductors could hold great weights for 
hours without measurable increase in 0« consumption, hut Hitchie” 11 "' cal¬ 
culated that the methods used could not have detected an increase in res 
piration of this muscle. Lactic acid does increase during 27-84 hours of 
contraction.* 1,1 If the,visceral nerve of Pecten maximtts is cut while the ad 
ductor is^ contracted the muscle remains short and cannot readily be 
stretched;- 0 ' ’ 10 if the nerve,is cut while the muscle is relaxed, stimulation 
0 the slow muscle is difficult but causes contraction, after which relaxation 
may be more rapid than when the nerve is intact, If Pecten contracts against 
a block of wood between the valves, the animal holds this position when the 
wood is withdrawn; the muscle resists stretching although the valves can be 
pushed together. Stimulation of some afferent fibers to the visceral ganglion 
causes contraction; stimulation of others causes relaxation. Without nerve 
stimulation relaxation requires many hours. A stimulus everv 30 seconds * 

keeps Pecten contracted, an economy many times greater than that in frog 
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muscle. Herein Pecten is a combination of mechanical '"catch” met h.mwn 
and effectiveness of occasional motor impulses. The "catch" mechanism' is 
turned off by an inhibitory volley. 

Muscles differ greatly in their ability to maintain tension. These differences 
are due in part to their mechanical prnjx'ities and in part to the natute of 
their nervous and hormonal control. Measurements of mechanical pn«}H*rtits 
have been made under such diverse conditions that it is iuijmssihlc at present 
to arrange muscles in any logical series even though such an anangement 
would be'useful. The vague term "viscous elastic properties" must fo- ie 
placed by quantitative data regarding the mechanical properties of comtee 
live tissue and ot contractile proteins. A comparative stink of tire mechanic* 
of muscle might Ik* a most valuable approach to the basic problems of ton 
traction and relaxation. 

KHYTHMICITY AN!) THK EFFECTS OK DHt'tiS 
Not only do muscles differ in their rates u! t untrue lion ami relaxation, 
hut some muscles are capable of maintaining rhythmic activity. In sour 
hearts the rhythm originates in muscular tissue, whereas in others then* are 
nervous pacemakers (Ch. IT). The muscles of neurogenic heart*, may Uut 
in embryos before the pacemaker ganglia develop. The origin of spontaneity 
in rhythmic muscles is sometimes in the muscle tells ami sometime*. i» t on 
tained nerve elements, for skeletal muscles the rhythm ttsuaik originates tn 
the central nervous system. 

Rhythmic movements such as breathing and locomotor rrHns.es mjibre 
tetanic trains of nerve impulses from sjiedfie nerve centers, Under certain 
abnormal conditions, as when immersed in jntrr Nai’l solution or in cal 
cium precipitating agents such as citrate, striated muscle twitches spswunr 
ottsly. A deficiency of calcium causes a tendency toward increased r» ua 
hility and slowed accomnwKlatiun (delayed rise m threshold during' stimu 
lation). Tetany in parathyroid lack is accounted lor on this basis 
l lie tody wall of many tubular animals shows spontaneous rhythmic mow 
ment. In the earthworm the normal movements of crawling are reflex m 
origin (Oh, 23). fyontaneous contractions have been' seen, however, in 
strips of earthworm tody wall lacking ventral nerve cord. 

In holothurians (Thyme) the clnac.il muscles show prriud* of rhythmic 
activity initiated from the nervous system.** 1 Similarly in Wlrnieratin gen 
era! body rhythms are resjirmses to rhythmic nerve tenters, such as the 
"sense organs" of medusae. 

Muscles of the visceral type show spontaneous contraction* which may 
occur in the absence of nerve cells. In embryos tin* amnionic muscles, like 
the heart muscle, contract rhythmically without innervation, The stomach 
and intestinal wall of mammals contain inner circular and outer longitudinal 
muscle fibers; between them is the myenteric plexus of Auerbach which 
is connected to the plexus of Meissner in the subrouema. Local rhythmic 
contractions, segmental and pendular movements, occur in intestinal'muicte 
when the nerve plexuses have been inactivated hv nicotine or wamr“- 111 
and in circular muscle stripped from the plexuses.*'* Part of the eklrtal 
activity of intestinal muscle is associated with contraction, but some action 
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potentials may be present even when muscular activity is negligible. 2,3 The 
rhythmic contractions are superposed on a background of tonus. Conducted 
waves, peristaltic contractions, are local reflexes initiated by distention and 
mediated by the nerve plexuses. The activity of the intestine, whether myo¬ 
genic or myenteric reflex, is enhanced by acetylcholine or by vagus stimula¬ 
tion and is diminished by adrenalin or by sympathetic stimulation. Atropine 
relaxes and pilocarpine excites the gut. Nicotine in low concentrations abol¬ 
ishes the reflex contractions. Potassium stimulates, possibly by acetylcholine 
release; calcium has the reverse effect. 3 The effects of several drugs on dif¬ 
ferent visceral muscles are compared in Table 72. 

TABLE 72. RESPONSES OF VISCERAL MUSCLES TO DRUGS 


+ indicates stimulation (increased amplitude or frequency, or both, of spontaneous 
contractions); - indicates depression of activity; and 0 indicates no effect. 


Preparation 

Acetylcholine 

Adrenalin 

Atropine Potassium 

Mammalian intestine 

+ 

_ 

+ 

Mammalian stomach 

+ 

_ 


Chicken^izzard 1 ” 


— freq. 4- ampl. 

_ 

Teleost stomach, int.“' 8S| 180 

+ 

_ 

_ 

Elasmobranch 88 ' 13! 




stomach 


+ 

0 

spiral valve, rectum 




Myxine intest, 1,3 

+ 

— 

_ 

Dytiscus foregut" 111 ’ 121 

+ 

0 

+ 

Crayfish intestine 


+ 


Daphnia intestine 181 

+ 

' ’'+ ' 


_ 

Earthworm crop®' 1,0 

+ 

•f dil. 

+ 



— cone. 


Earthworm gut 238,170 

+ 

_■ 


Arenicola esophagus® 

+ 

+ 




— (Buccal 




mass 


Aphrodite pharynx 187 


+ 


Sepia rectum 38 

0 

+ 

+ 


- (high 




cone.) 



Sepia stomach 222 

— 

+ 


Aplysia crop 187 


+ 


Holothurian intestine 33 

+ (pilocarpine) 

+ 



In the uterus, a muscle lacking nerve plexuses, excitability and tonus are 
low and spontaneity is rare during anoestrous, but activity appears in oestrus 
and after injections of estrogens. Uterine muscle shows waves of electrical 
activity, usually originating in the uterine horns and possibly conducted 
from cell to cell by protoplasmic bridges. 48 - 30 - 52 In the ureter similar 
rhythmic waves originate at the renal end. Peristaltic contractions of the 
ureter and stomach do not involve nervous elements and are not abolished 
by high concentrations of nicotine and cocaine, 32 Teleostean fish show re¬ 
sponses of the intestine similar to those of mammals, adrenalin and atropine 
inhibiting and acetylcholine accelerating contractions. 242 In elasmobranchs, 
however, adrenalin and both sympathetic and vagus impulses stimulate the 
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stomach, while adrenalin inhibits the spiral valve and rectum, structures 
which are stimulated by the splanchnic nerve. 157 Similarly in a cyclostome, 
where there are no sympathetic nerves, the vagus has no effect on intestinal 
muscle, but atropine, adrenalin, and nicotine inhibit contractions initiated 
by acetylcholine. 85 The drug effects are thus not dependent on sympathetic 
innervation. 

The digestive tracts of insects and crustaceans contain circular and longi¬ 
tudinal muscles which are normally active in digestion. Spontaneous rhythms 
in the crayfish intestine are accelerated by dilute solutions of either acetyl¬ 
choline or adrenalin (Table 72), Stimulation of the abdominal nerve cord 
of the lobster elicits rhythmic contractions of the intact intestine and anal 
muscles. 108 The gut muscles of the honeybee and probably of many other 
insects are striated. The cockroach crop and gizzard show much activity in 
vivo, the^ gizzard movements stopping when the first thoracic ganglia are 
removed. 240 The foregut and intestine of Dytiscus beat well when isolated 
in saline; acetylcholine, nicotine, 218 and potassium 124 are excitant, adrenalin 
is without effect. 218 

In some molluscs adrenalin increases the tone and normal rhythm (crop 
of Aplysia, 127 rectum of Sepia 33 ), In Helix and Aplysia acetylcholine and 
potassium increase tonic activity of the intestine, but the Sepia intestine is 
insensitive to ACh except at high concentrations which lower tonus and 
stop automatic beats. 32 

In the tube-dwelling polychaete Arenicola the proboscis (extrovert) con¬ 
sists of buccal mass, pharynx and esophagus; the stomatogastric nerve plexus 
extends over the pharynx and esophagus and connects to the circumesopha- 
geal ring of the central nervous system. A variety of experiments 223 show 
that the esophagus is a pacemaker region from which rhythmic bursts arise 
at intervals of about 6 minutes. When the extrovert remains attached to 
a piece of the body wall with the anterior nerve cord intact, the body wall 
shows rhythmic activity so long as the nerves to the esophagus are intact. 
The buccal mass can show small-amplitude asynchronous waves when re¬ 
moved from the esophagus; this activity is inhibited by adrenalin. Esophageal 
contractions and those induced in the buccal mass and body wall from the 
esophageal pacemaker are greatly stimulated by adrenalin. Acetylcholine 
also stimulates the esophagus. The stomatogastric nervous system apparently 
initiates rhythmic movements of the entire proboscis region including body 
wall; both adrenalin and ACh stimulate this pacemaker. In the free-swim¬ 
ming Glycera, also, waves of activity originate in the stomatogastric system 
of pharynx and esophagus, but, in addition, impulses from the central nerv¬ 
ous system can invade the buccal tube eliciting a different rhythm. 224 

In holothurians the isolated intestine is stimulated by adrenalin, relaxed 
by atropine. Both pilocarpine and physotigmine cause an increase in tone. 35 

Table 72 shows that only in the muscles of gastrointestinal tracts of verte¬ 
brates is there strict antagonism between acetylcholine and adrenalin. 

Muscle cells in general have an inherent spontaneity of movement. How¬ 
ever, adult muscles rarely manifest spontaneity; nervous pacemakers usually 
gain control. 
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CHEMICAL AGENTS IN NEUROMUSCULAR TRANSMISSION 

There are two hypotheses of neuromuscular transmission: one states that 
a specific agent is liberated at nerve endings as a muscle excitant; the other 
postulates that junctional transmission is electrical and that a chemical agent 
is concerned equally with the electrical transmission in nerve and muscle. 

Activity in vertebrate parasympathetic nerves is associated with liberation 
of acetylcholine (ACh) (Ch. 15, p. 537), at their terminations in heart 
and blood vessels, and activity in most postganglionic sympathetic nerves to 
these structures is associated with liberation of sympathin (possibly identical 
with adrenin, Adr). In other animal groups the evidence for cholinergic 
(acetylcholine-liberating) and adrenergic (adrenin-liberating) nerves to the 
heart is not conclusive. There is presumptive evidence that various motor 
nerves are cholinergic, adrenergic and tyraminic (liberating tyramine). The 
distinction between cholinergic and adrenergic nerves is not rigorous, and 
several types of interaction between ACh and Adr may exist (Ch. 23), 

Bacq 1(i has stated criteria for identification of a cholinergic' system: (1) 
presence of ACh in the tissue,* (2) presence of cholinesterase (ChE) 
(acetylcholinesterase) in the tissue, (3) sensitivity to added ACh, (4) po¬ 
tentiation of ACh and of nervous action by anticholinesterases such as ese- 
rine, (5) blocking of action of ACh or nerve stimulation by atropine or 
curare, and (6) identification of ACh in perfusate from the active organ. 
Selected data for these criteria in neuromuscular preparations are given in 
Table 73. 

The motor nerves in vertebrate striated muscle are cholinergic. Acetyl¬ 
choline and acetylcholinesterase (ChE) are present: ChE is low in nerve- 
free portions of muscle and is maximal in regions of end-plates. The con¬ 
centration is higher in lizard muscle than in frog muscle, 166 and in chickens 
the ChE increases to a maximum at the time of hatching and thereafter de¬ 
clines. 111 It has been calculated 172 that enough ChE is present in the frog 
sartorius to split 1.6x10° molecules of ACh at each end-plate during the 
refractory period of the muscle. It is calculated that the output of acetyl- 
.choline per nerve impulse per motor end-plate is 10~ 10 jug, or 1.4 X 10 B 
molecules, which is 1/30,000 of that needed to stimulate. 1 Immersion in 
solutions of ACh causes a slow maintained contraction (contracture), and 
some muscles, such as the frog rectus abdominis, are useful for bioassay 
of ACh. Close intra-arterial injection of small amounts of ACh causes a 
twitch-like response, 86 ' 18 as do local ACh applications in the end-plate region. 
The sensitivity to ACh is 1000 times greater at the end-plate than along the 
fiber, possibly because of permeability differences, 1 In perfusion experiments 
ACh has been identified in increasing amounts in the perfusate when the 
motor nerve to a muscle has been stimulated. Local applications of ACh, 
like motor impulses, set up a local potential in the region of the end-plate, 
and muscle impulses arise from this potential; eserine prolongs the e,p.p. 
Eserine prolongs the summation interval for neuromuscular transmission, 
and causes repeated contractions in response to a single motor volley, an effect 

Acetylcholine is normally hound to protein in excitable tissues; free acetylcholine 
appears to increase on stimulation and on standing in excised tissues. Determinations 
of ACh are not always comparable in that they may not distinguish bound and free ACh. 







TABLE 73 (continued.). CHOLINERGIC SYSTEMS IN MUSCLES AND RE 





























612 


Comparative Animal Physiology 


abolished by atropine. 80 Calcium is apparently necessary for ACh liberation. 80 
Curare permits continued liberation of ACh at the motor nerve endings but 
prevents its depolarizing action, presumably by combining with the chemical 
receptor substances at the end-plate. 145 Depolarization by ACh, nicotine, and 
caffeine, but not by potassium, can be antagonized by curare. The trans¬ 
mission in vertebrate muscle can be summarized as follows: 


motor nerve impulse —>- 
end-plate potential 


junctional transmitter 


(acetylcholine liberation) 

muscle impulse —y all-or-none-twitch 


T 

local contraction 

An alternative theory 7 ' 1 ' 78 ' llH ' m " is that acetylcholine is concerned in 
electrical propagation, that the nerve action potential is the junctional trans¬ 
mitter, and that the acetylcholine obtained in perfusion comes from the sole 
plate of the muscle rather than from the nerve endings. This theory is sup¬ 
ported by the distance from nerve ending to sole plate (Fig. 235), by the 
low permeability of the muscle fiber to acetylcholine except at the region 
of the end-plate, and by evidence that acetylcholine is concerned in nerve 
conduction (Ch. 23). Many of these facts can be accounted for by the elec¬ 
trical theory as well as by the chemical transmitter theory. Whatever its 
origin in perfusion experiments, there is little doubt that ACh is an important 
component in the transmission mechanism. 

Many vertebrate smooth muscles are innervated by adrenergic postgan¬ 
glionic sympathetic fibers, Adrenalin (or adrenin) causes responses similar 
to those produced by sympathetic stimulation. The adrenin-like mediator 
can be identified in the blood, coming from a region of sympathetic dis¬ 
charge. 11 '' 1 The action both of the mediator and of adrenalin is antagonized 
by ergotoxin. The mediator liberated in structures which are inhibited by 
the sympathetics differs quantitatively in its effects on test muscles from that 
liberated in structures which are excited, and, the inhibitory agent may be 
adrenin, the excitatory agent nor-adrenin, 17 There is good evidence that the 
nerves eliciting contraction of pupil constrictors are cholinergic. 

V ■ ^evidence regarding chemical mediation at motor nerve endings in 
mvertebrate animals is inadequate. Acetylcholine liberation in muscle is es¬ 
tablished only for annelids and sipunculoids, is indicated in molluscs and 
echinoderms, and is unlikely in arthropods and coelenteratcs. 10 

convincin g evidence for cholinergic motor nerves is found among 
IT TruTT The muscles of man y wormsof these groups 
“ h “ n E (Tab e 73) ' The k Stimulated fo 

™ ti,ity is increasd mine ' Sensitivity 

H.V J j p' rs r ,l r t T rine ’ “'»» of the leecte 
Htrudo and PontobdeUa have been used in bioassay. The action of ACh 

c“STist f “ rlhei ' 11 has ** nerve 

hr 1 y CUra ? ” H ™* (but “ “ *-«*«), by B- 

S p, 1 ' tT' “i ^ ‘".Siculus and Aphrodite. 
Ntcoune aboi.shes the direct effect of ACh on the earthworm body wall.» 
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Summation of contractile response of the earthworm body wall to repetitive 
electrical stimulation is increased by eserine. 41 Eserine increases the muscular 
responses of Sipunculus, Hirudo, Arenicok, Aphrodite, and Lwttbricus to 
stimulation of the nerve cord. 1 "- 80 No such effect was observed when mint! 
was applied to the nerve cord alone, but in perfusion experiments it appeared 
that the leech body wall liberated ACh when the nerve cord was stimulated. 

The visceral muscles of annelids are spontaneously rhythmic. In earth 
worm crop-gizzard preparations the wave of contraction usually originates 
in the crop; this preparation is stimulated and tone increased by acetylcholine 
(lQ'MO" 10 without eserine and 10‘ u with eserine)." 18 If cooled, spontan¬ 
eity is abolished, but acetylcholine still causes contraction." The stimulating 
action of ACh is antagonized by atropine; adrenalin augments the activity 
when dilute (10" 7 ) and depresses at higher concentrations (10 s ), Stimuli 
tion of the ventral nerve cord inhibits the crop-gizzard activity, an effect an¬ 
tagonized by ergotoxin; stimulation of the pharyngeal commissures excites, 
an effect antagonized by atropine. 8,18 . Potassium enhances and calcium in 
hibits the visceral rhythm. An active crop-gizzard preparation liberates into 
a perfusate a substance which induces ACh-like contractions in a test prepa 
ration. 11 Antagonistic cholinergic and adrenergic control, as in mammals, is 
therefore, indicated for the earthworm crop-gizzard. 

In the echinoderms as in annelids there is evidence for cholinergic motor 
systems. The longitudinal retractors of holothurians contain ACh and are 
rich in ChE, as are muscles from Echinus and Asferias. 11 In the holothurian 
Stichopus the longitudinal muscles are sensitive to ACh, responding to dilu 
tions of 10 " 7 without eserine and to dilutions of 10'“" after eserine, and 
this muscle has been used in bioassay, 111 as has also Thyone muscle.'" 1 Re 
sponse to direct stimulation of the holothurian longitudinal retractor mus¬ 
cles, nerve elements included, is potentiated by eserine and prevented by 
atropine, and stimulation liberates into a perfusion bath a substance which 
has the properties of ACh. 1H Curare blocks conducted responses in Thy one 
retractor muscles and prevents spontaneous contractions," 0 Holothurian mus¬ 
cles are excited by low concentrations of adrenalin and tyramine, 11 ' m 
In molluscs much acetylcholine is found in nerve and muscle, for example, 
in Aplysia foot and Sepia mantle (Table 73). 1U Cholinesterase is also present 
in Sepia mantle. 81 The muscular responses to ACh differ among various 
species. The slow adductor muscle of Pecten is not stimulated by ACh, :!tJ 
whereas the retractor muscle of the buccal mass in Helix does respond to the 
drug. 11 " 1 Eserine Fails to potentiate the response of the foot and siphon mus¬ 
cles of Buccinium and Mya and the response of the mantle of Eledone to 
nerve stimulation. However the cephalopod mantle is sensitive to ACh, and 
denervation greatly increases the sensitivity as it does in many vertebrate 
tissues, Bacq 11 perfused the mantle of Eledone with eserinized saline; the 
outflowing perfusate contained an ACh-like substance, but stimulation of 
the mantle nerve did not increase its concentration in the perfusate. 

It is possible that some nerves in cephalopoda liberate tyramine. The sali¬ 
vary glands contain tyramine and histamine. 40 The perfused stomach of 
Sepia shows spontaneous Contractions which are inhibited by ACh 1G"° and 
stimulated by tyramine and histamine 10' 8 and by Adr 10T m Cocaine 
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increases the effect of adrenalin, has no effect on the action of histamine, 
and abolishes the action of tyramine. Nervous stimulation augments stomach 
movement, an effect abolished by cocaine, and when the entire animal is 
perfused, stimulation of visceral, branchial, and other nerves causes the ap- 
pearanee in the perfusate of something resembling tyramine. 222 Neuromus¬ 
cular transmission in cephalopods merits further investigation. 

There is inconclusive evidence for cholinergic systems in flatworms (Ne- 
merteans and Platyhelminthes); the concentration of ChE in mixed muscle, 
nerve, and other tissue is strikingly high (Table 73). Strips of Cerehratuks 
muscle are unresponsive to ACh alone, but after eserine they respond to ACh 
5 X 1 O' 5 214 

Evidence points against cholinergic systems in ascidians, crustaceans, and 
coelenterates. Extraction of the ascidians Ciona and Phalksia failed to show 
measurable ACh and showed little ChE (Table 73), The mantle muscle of 
Cynthia is stimulated by ACh but the response is not potentiated bv ese¬ 
rine. 14 J 

, Crustacea the nerves, particularly in the central nervous system, are 
™ Muscles in Crustacea have no ACh but do contain some ChE 
(labie 73). Crustacean muscle is insensitive to ACh, eserine, and curare. 10 - 
Careful testing of the effects of many drugs and ions on neuro¬ 
muscular transmission failed to provide any evidence in Crustacea for humo¬ 
ral transmission. Tyramine is without effect, 122 although adrenalin in high 
concentration causes contraction. 132 Crustacean claws should be Well adapted 
for identifying exciting and inhibiting mediators, but no one has yet suc¬ 
ceeded in such identification, Insect muscles are insensitive to acetylcholine 
even after soaking in anticholinesterases. ' 

Among coelenterates ChE ms found in Triukrn, Melridium, and S a- 
gfmm but not m any regions of the medusae Cyrnea and Aurelia, and not 
m the ctenophore Mnaniopsfc" Muscles oF the actinians Ctfctis and 

!ifi” f re r nSiti,e “ ACh ' even after also no effect 

was observed with eserine, atropine, curare, and adrenalin, 185 - 206 Contrac- 

lions of medusae were also unaffected by ACh or eserine.™ In Calliactis 
however, tyramine enhances facilitation by 3-4 times in 84-90 minutes and 

suirj I ,0 ^ anemone yi^ 

L*Sfea£T^T C “- 

J± 11 ‘“^tes that: cholinergic neuromuscular systems function in ver- 

mi “ecmrlfafaj' "° d r' ”T 8gested “ ” oIluscs and flawon ” s . 
oic aSC ‘ 4iU1S ; at,hropods - “ d “elenterates. AW 

J W l d iT S(ra,ed m> y “ vertebrates, and tyrammic 
tents have been suggested for cephalopods and coelenterates, ? V 


distribution op phosphagens 
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The development of our knowledge regarding the chemistry of energy- 
yielding reactions in muscle is one of the most fascinating stories in modem 
biochemistry and is discussed extensively in most physiology and biochem¬ 
istry texts. 233 It is probable that the underlying reactions by which energy 
is made available to the contractile proteins are similar in all muscles. Three 
types of energy liberations are used: (1) breakdown of the high-energy 
phosphate bonds in the specific phosphate donors, adenosine triphosphate 
and either phosphocreadne or arginine phosphate; (2) glycolysis of carbo¬ 
hydrate; and (3) oxidation of carbohydrate. 

The breakdown of adenosine triphosphate (ATP) liberates about 11,000 
calories per mol for each phosphate linkage broken, The reactions of the 
organic phosphates set off the chain of glycolysis whereby glycogen is split, 
and its component sugars are phosphorylated, going through many inter¬ 
mediaries to form lactic acid. 2 ''- 10,1 Part of the lactic acid is oxidized and a 
larger part is reconverted to glycogen, usually in the liver. Between the ATP 
and the glycolytic systems is interposed a carrier of phosphate, phosphagen. 
This phosphagen in vertebrate muscle is creatine, which is reversibly phos- 
phorylated and dephosphorylated to phosphocreadne, 

Phosphocreadne was discovered as muscle phosphagen in 1927. In the 
following year it was found that the phosphagen of crustacean muscle is 
arginine phosphate (phosphoarginine). The structural formulas of these 
two substances are given in Fig, 234. From 1928 to 1937 appeared a series 
of papers concerning the distribution of phosphocreadne (PC) and phos¬ 
phoarginine (PA) in the animal kingdom. The results have been sum¬ 
marized several times. 24 - 28 - 1 " 8 - 178 The distribution of phosphagens is in¬ 
dicated in Table 74. 


TABLE 74. DISTRIBUTION OF PHOSPHAGENS (References in text) 

'Arginine 

Phosphocreadne phosphate 

Chordates 

all vertebrate classes muscle -)- - 

electric organs of fish -f _ 

Prochordates 

Amphioxus -p — 

Balanoglossus -j- -p 

Ascidia — -p 

Echinoderms 

Asteroidea — -p 

Holothuroidea — -j- 

Crinojdea — -p 

Ophiuroidea -p — 

Echinoid adult -j- -p 

Echinoid larva — 

Crustaceans — + 

Annelids 

Sabella, Lumbricus — -p 

: Errant polychaetes -f in 8 genera -fin 3 of 8 genera 

Sedentary polychaetes + in 2 of 8 genera + in 7 of 8 genera 

Sipunculoids — -p 

Molluscs, all classes — -f 

Pla ty helmi nths—Planaria — + 

Nemerteans — -)- 

Coelenterates (actinians, medusae) - + 
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Table 74 shows that phosphocreatine is the only phosphagen in all ver¬ 
tebrate muscles and electric organs, Phosphoarginine is the phosphagen of 
most invertebrate phyla, The distribution in prochordates and echinoderms 
is particularly useful in tracing the origin of the chordates. Amphioxus con¬ 
tains PC exclusively, Balanoglossus contains both PC and PA, and Asddia 
contains only PA; this supports other lines of evidence that tunicates are 
far from the main chordate line, Among the echinoderms the muscles of 
a holothurian, a crinoid, and starfish have PA only, an ophiuroid has PC 
only, whereas the jaw muscles of two echinoids contain both PC and PA 

H OH 

I / 

N-P = 0 

/ \ 

7 OH 

HN = C 

N-CH 2 -COOH 

CHa 

Phosphocreatine 

H OH 

I \ 

N - P = 0 

/ OH 

HN = C 

\ 


CCHOa 
CHNHs 

I 

COOH 

Phosphoarginine phosphate 

%2H 

phocreatine and phosphoamnine in * ? 7 j h p sence of both phos- 
rekm between this phylum and the of the 

Phosphocreatine pho f'? B8 “ ine only. 

There seems to be a tendency for rlW ™ 111 some P° J ychaete worms. 27 
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There was some question regarding the presence of arginine in cqihalu 
i pods and another nitrogenous base, octopine, was isolated from muscle of 

i squid and scallop. Octopine, however, is a breakdown product formed from 

! arginine post mortem. 

ELECTRIC ORGANS 

The first bioelectric potentials observed by man were the discharges from 
electric fish; recently the end-plate potential, the homologue of the electric 
organ discharge, has been discovered, An interesting historical account of 
electric organs is given by Cox. H1 The electric catfish, Maluptcm, was 
known to the ancient Egyptians, and the Romans named the “torpedo" which 
jl is an elasmobranch or ray. “Electric therapy" with electric fish was mom 

J| mended by Galen; it was used by Indians of Guiana and by eighteenth ecu 

| tury Europeans. The shock from electric fish was experienced for centuries, 

( but what it was remained a mystery. Toward the end of the eighteenth 

century several observers suggested that the shock from certain fish was sinti 
| for to lightning or to the electrostatic discharge from a Leyden jar. In 1774 

j John Walsh related that the shock from a Torpedo is conducted through 

metals but not thremgh glass or air; two years later Williamson made similar 
observations on electric cels (Electrophorus, formerly called Gymwtm) 
brought to North America from the Amazon region. The Cambridge physi¬ 
cist Cavendish built a model of a Torpedo, from which he deduced the dis 
| tinction between potential difference and quantity of electricity. Faraday*' 11 
I made crucial tests with a galvanometer and spark gap on Ekctmplwrm , 
thus demonstrating the electrical nature of the shock. He prophetically re¬ 
marked in his diary: "Oersted showed how we were to convert electric into 
| magnetic forces and I had the delight of adding the other member of the 
full relation, by reacting back again and converting magnetic into electric 
forces. So perhaps in these organs where nature has provided the apparatus 
by means of which the animal can exert and convert nervous into electric 
force, we may be able, possessing in that point of view a power far 'beyond 
that of the fish itself, to reconvert the electric into the nervous force." 

All electric fish are sluggish and depend on their electric discharge to 
stun both their prey and their predators, The low sensitivity of electric fish 
to their own shocks is unexplained; in an aquarium with numerous other 
species of fish, electric fish, although obviously stimulated by each other's 
shocks, may be unharmed while the other aquatic animals are killed. 03 
Stimuli .of 220 volts did, however, damage , the electric eel. 

An electric organ consists of columns of plates, electroplates, which run 
dorsoventrally in the electric rays and longitudinally in the eel. In Torpedo 
marmorata each organ has about 450 columns of 400 plates per column. Elec¬ 
tric tissue comprises one sixth of the body weight in Torpedo and about 
one half in Electrophorus, The electroplates or plates in each column are 
in series electrically, the various columns in parallel. The long rows of many 
plates in series in the eel tend to match the external resistance of the fresh¬ 
water medium and the short rows in the Torpedo tend to match that in 
sea water, each being well suited for power development in its own me¬ 
dium. 8 * Each electric organ is entirely unde; nervous control; in Torpedo 






618 


Comparative Animal Physiology 


huge branches from the tenth cranial nerve arise in large lobes of the medulla. 

The electroplaxes are derived embryologically from electroblasts similar to 
sarcoblast precursors of muscle. 85 The elongate multinucleate cell enlarges 
laterally, nuclei increase around the cell periphery, and the center becomes 
filled with mucous protein (Fig. 235). One surface is innervated, usually 
the electronegative surface, and the other is frequently papilliform. The 
single electroplax resembles a motor end-plate (Fig. 236) 78 . 

When an electric fish discharges, each organ fires repetitively, usually 
3 to 5 spikes, sometimes many more. Each spike is of constant height and 



Fig. 235. Diagram of two electroplaxes. Nerve elements in black, electric layer 
granular and nucleated. From Ihle, Kampen, et al. w 
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lasts about 2 msec. 7 ' 1 ' 8,! ’ 101 (Fig, 237). In Torpedo occidentalis spike dura¬ 
tion is 3.5 msec. In the electric eel there may be, in addition to the larger 
spikes, minor discharges either preceding a major discharge or appearing in¬ 
dependently. 7 - The minor discharge arises in the small organ of Sachs sepa¬ 
rate from the main electric organ. These minor discharges occur when the 
fish are cruising about for food, and there is good evidence that prey are lo¬ 
cated by the reflection of electric waves. 

The synchrony of the electric discharge is remarkable and is essential for 
maximum power output. The two organs of Torpedo discharge within 0.1 
msec, of each other! In the electric eel each point in the electric organ is 
positive with respect to all points behind it, and measurements of time dif¬ 
ference between the two ends indicate a wave travelling 450-2500 M./sec. 
Propagation stops at a cut in the spinal cord. 74 There is evidence that when 
Electrophoms is probed with an active lead while a ground lead is placed 
on the tank, a point about one third of the distance back is electrically neu¬ 



Fig. 237. Electric organ discharge in E lectrophom. Upper, records showing small 
Mowed by large pulses; lower, records at higher speed to show shape of discharges. 
From Coates, Cox, and Granath.” 

tral. This near synchrony of all parts of the electric organs indicates very 
precise timing in the central nervous system; the motor impulses going to 
distant electroplaxes must leave the brain earlier or travel faster than do 
the impulses to near parts of the organ. 

The total peak voltage measured without external resistance is usually 
20-30 volts m Torpedo marmorata, 230 volts (sometimes 500-600 v.) in Elec- 
trophorus, H2 > 85 Older measurements are somewhat lower. In Electrophom 
the thickness of the plates increases from the anterior end backward, and 
the voltage per centimeter length diminishes (Fig. 238). The calculated 
peak voltage per electroplax is remarkably constant at 0.05-0.15 v. per plate 
for all species investigated. ‘ 1 

The voltage has been measured for various shunting external resistances 
and the current output calculated. Zero current corresponds to the maximum 
voltage and, as current increases, voltage decreases linearly; the maximum 
current developed by the electric eel is less than one ampere, whereas from 
the lower-voltage ray fish higher currents are obtained (2 amperes for Nar- 
cine and 60 amperes for Torpedo occidentalis ). Power as a function of ex- 
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temal load passes through a maximum at about 3 watts for Electrophorus. 
One large specimen of Torpedo occidentalism developed a maximum power 

of 6 kw! 

Records made from single electroplaxes or groups agree well in duration 
and voltage with those calculated from measurements of the total dis¬ 
charged" 1 Single electroplax discharges are all-or-none, with a rising phase 
of 0.5 0.7 msec. Each discharge is monophasic because it is not propagated/ 
shows no after-potential, and is all-or-none except after fatiguing, where¬ 
upon the voltage diminishes. A single stimulus to the nerve gives one dis¬ 
charge of the electroplax, When the nerve fibers to a portion of an electric 
organ are allowed to degenerate the organ becomes totally inexcitable. 103 
Injections of curare or of atropine reduce the electric discharge to zero. 7 
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All evidence agrees, therefore, that, like the end-plate potential, the dis¬ 
charge of an electric organ is associated with the liberation of acetylcholine, 
Electric tissue contains much phosphocreatine, 23, 28 which diminishes 
after prolonged activity. An old study 37 of heat utilization by the electric 
j organ in activity should be repeated with modern thermopiles. The voltage 

| output of Maloptems is reported to have a temperature optimum at 19° C. 

; The electric organ of fishes has long been an object of wonder and curi- 

j osity; it is now most useful in leading to an understanding of the physico- 

| chemical processes in the nervous activation of muscle. 


CONCLUSIONS 

There are many kinds of muscles, functionally and structurally. Muscles 
can be arranged in orderly fashion according to physiological and histologi¬ 
cal properties. 

Speed-fast contraction and relaxation, high fusion frequency, short ex¬ 
citation constant—is associated with sharp transverse striations and long 
fibers, with sparse sarcoplasm and abundant fibrils. Conduction is slow and 
electrical activity complex in sheets of short fibers, particularly when the fibers 
are branched, or connected by protoplasmic bridges. Local responses, both 
electrical and mechanical, may be one link in the excitation of fast muscle, 
but become the dominant response when innervation is multiple. Ability 
to maintain tension is associated with an abundance of connective tissue or 
with a “set” in the pattern of contractile elements. Increase in tension with 
increase in frequency of stimulation reflects facilitation of neuromuscular 
excitation as well as facilitation of mechanical properties. There are dif¬ 
ferences among muscles in the agents of neuromuscular transmission and 
in the phosphagens. 

The mechanical properties of muscles make possible their gross function. 
Correlations of physiological and histological properties of muscle with 
phytogeny are few, and within an individual animal a number of muscle 
types exist. Within one muscle there may be fast and slow portions, 

Comparison of the forms of phosphagen, one of the principal sources of 
energy in muscle, supports the echinoderm theory of chordate origin, and 
suggests that annelids may be farther phylogenetically from arthropods, and 
tunicates farther from true chordates than is sometimes supposed. 

Electric organs are modified neuromuscular junctions, greatly enlarged 
and altered so that the production of action potentials is. their principal 
function. 

Study of the comparative physiology of muscle can be most useful in a 
correlation of the structure—histological and molecular—with the functional 
properties of different kinds of muscle; this approach should help to explain 
the fundamental nature of contractile tissues. 
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Amoeboid Movement 

rotoplasmic streaming occurs in many living cells, possibly in all. 
Diffusion is too slow a process for the transport of solutes from one part 
i of a cell' to another, and active cytoplasmic movement provides a 
rapid transport mechanism, Streaming may proceed in a fixed path and may 
be fast enough for direct microscopic observation, as the cyclosis around the 
vacuole of some plant cells, or the transport of food vacuoles and granules 
about the body of a ciliate protozoan. In other cells streaming may be slow 
and may be more of a churning than a fixed current; such cytoplasmic activity 
is best seen by accelerated motion pictures, as of tissue cultures (fibroblasts, 
etc.* fi ), or of tips of growing nerve fibers. 50 - sa The cellular, mechanism of 
protoplasmic streaming is unknown, Its dependence on colloidal properties, 
particularly on viscosity changes, is shown by the effects of hydrostatic 
pressure; streaming in Elodea is slowed in proportion to a decrease in 
viscosity, 28 

TYPES OF AMOEBOID CELLS AND OF PSEUDOPODS 

Amoeboid movement has a colloidal basis, as does protoplasmic stream¬ 
ing; amoeboid movement is also accompanied by changes in cell shape and 
often by progressive motion. Amoeboid movement may be directed locomo¬ 
tion, as in the rhizopod Protozoa (Sarcodina), in the plasmodium of myxo- 
mycetes, in amoeboid leucocytes (particularly vertebrate lymphocytes), in 
amoeboid or wandering cells of many kinds of animals (such as the archeo- 
cytes of sponges), and in growing nerve fibers; or amoeboid movement may 
consist in the extension, flexion, and retraction of processes (pseudopods) 
concerned primarily in feeding, as in most Forarainifera, Heliozoa, Radio- 
Jana, vertebrate macrophages, and various phagocytes such as reticuloendo- 
t dial cells (e.g., Kupffer cells of the liver). Locomotory amoeboid move¬ 
ment requires attachment to some substrate; non-polarized amoeboid move¬ 
ment occurs in free pseudopods, 

Among the free-living amoeboid animals the manner of locomotion differs 
slightly according to cell form and type of pseudopod. Pseudopods may be 
Iobopods, broad to cylindrical and round at the tip (Fig, 239, A-E> they 
may be filopods, slender with pointed tips; they may be reticulopods, thread¬ 
like, branching, and anastomosing as in Foraminifera, or they may be axo- 

Sq r K 3 Cent ! d ff 1 r ° d as in Heliozoa and Radiolaria (Fig. 
l j , Emotion by Iobopods has been much studied; filopods, reticu- 
lapods and axopods are primarily freely extended feeding pseudopods; filo¬ 
pods may show streaming without accompanying change in length, and axo¬ 
pods may be very contractile, 
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Amoebae differ greatly in cell form; Amoeba Umax has a single lobose 
pseudopod (Fig. 239, D); the stellate form of amoeba has many free pseudo¬ 
pods; A. proteus and A. dubia (Fig. 239, A and G) are multipodal, i.e., they 
have several attached pseudopods with streaming in various amounts in 
each. Amoebae may have surface ridges, as in A, verrucosa (Fig. 239, E), 
or they may have an irregular "tail” or uroid, as in Pelomyxa palustris (Fig. 
239, F). Lymphocytes vary likewise, sometimes having a broad advancing 
pseudopod and smaller tail, the “looking glass” shape, or they may be worm¬ 



showing direction of flow of granules. Note posterior uroid. From Mast.” G, A typical 
heliozoan, Actinosphaerium eichkomi, showing axopods. From Kuhn.** 
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like or may show local constriction rings according to the physical nature 
of the medium/’ The various forms of amoeboid cells are not always con¬ 
stant for a species and one individual may take on different forms under 
various conditions. Amoeba proteus, for example, in distilled water becomes 
stellate or radiate, whereas it may be active and monopodal in a dilute saline; 
it is also stellate prior to fission. Amoebae have a central fluid plasmasol 
and an outer viscous plasmagel. The thickness of the gel varies greatly 
among different species: there is much gel in A proteus, A. verrucosa, Pelo- 
myxa carolinensis, and P. pahstris, but very thin gel in Amoeba dubia and 
in the parasitic A. blattae. Amoeba dubia is useful, therefore, for measur¬ 
ing by centrifugation the viscosity of the plasmasol, and A. proteus for meas¬ 
uring viscosity of the plasmagel. 12 

GENERALIZED PICTURE OF AMOEBOID MOVEMENT 

There are many variations in amoeboid movement in the different cell 
and pseudopod types, but a basic pattern is found in all. A “typical" amoeba 
consists of a thin outer layer, the plasmalemma, which has adhesive proper¬ 
ties, is not wet by water (is hydrophobic), and slides freely over tbe next 
inner layer. Beneath the plasmalemma is a hyaline layer which is fluid as 
judged by brownian activity when granules enter it. This layer is thin or 
absent from a region of attachment to substrate; it often thickens as an ex¬ 
tensive hyaline cap at the front of an advancing pseudopod. Next is the 
shell or cylinder of plasmagel which is motionless and rather viscous. In a 
monopodal amoeba the gel thickens gradually from the anterior to the pos¬ 
terior end. In many species it is extended as a very thin plasmagel sheet 
beneath the anterior hyaline cap, a sheet which frequently ruptures, allow¬ 
ing granules to enter the hyaline cap. The core of the amoeba is the plas¬ 
masol in which granules flow freely forward although the lateral margin 
of it may be stationary. The nucleus is normally in the plasmasol, the con¬ 
tractile vacuole in the plasmagel. Both regions contain various gra nu le s, 
food vacuoles, and specific crystals contained in little vacuoles. The proto¬ 
plasm is normally hypertonic (except possibly in marine and parasitic forms), 
and the plasmagd imparts a turgidity which results in the non-spherical 
cell forms. In species in which the sol of the pseudopods is continuous to the 
tip (as m Difflugia ) the plasmalemma must oppose free swelling. 

Locomotion depends on three basic factors, according to current views. 31 
The first is attachment to the substrate. This is facilitated by traces of salts, 
particularly calcium, in the medium, Organic solutes such as lactose and 
glycerin do not facilitate attachment; Ca, Mg, and K are additive for at¬ 
tachment but not for locomotion. 33 In amoebae, as in leucocytes, the firmest 
attachment is at the tips, and new pseudopods are more firmly attached than 
odrones, becond, plasmagel is continuously being converted to plasmasol 
a the posterior end or at some fixed region, and plasmasol is converted to 
plasmagel anteriorly or in any extending pseudopod. As plasmasol flows 
forward granules either are deflected laterally to become plasmagel or break 
into the hyaline cap and then gelate as a new cap is formed. Attachment 
and reversible^ solation-gelation are readily observed. Third is the force that 
causes forward flow of the plasmasol, which is less apparent. Most current 
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theories attribute this to the elastic strength or contractileness of the plas¬ 
magel, which is greater posteriorly and squeezes the plasmasol forward. 

Lateral examination of granules in an amoeba and of particles adhering to 
the plasmalemma has shown that, as the cell advances, granules in the gel 
remain fixed until the posterior end reaches them, when they enter the 
sol (Fig. 240). Similar stability of the gel is shown in advancing lympho¬ 
cytes, in which small lateral protuberances remain fixed until the posterior 
end reaches them. 5 Particles on the ventral attached portion of the plasma¬ 
lemma are also fixed, but particles elsewhere on the plasmalemma, both 
dorsal and ventral, move forward (Fig. 240). Thus the plasmalemma either is 
stretched and varies in thickness, or is ra'pidly constituted at the posterior 
end and m Feely extending pseudopods. 31 Mid-dorsally a granule may 
move faster than the rate of advance of the amoeba, indicating active slip¬ 
ping of the plasmalemma over the hyaline layer. 47 In A. verrucosa, rarely 
in A proteus or A. Umax, there is a “rolling movement," the plasmalemma 
rolling like a rubber bag of liquid down an incline. 20 - 31 When attachment 
is discontinuous there may be a "walking" movement; the advancing tip 


A 



Fig. 240. Series of sketches of Amoeba proteus as seen from the side, representing the 
movement of different parts of the body during locomotion. A, B, C, Three successive 
£££“,“ ^stratum * d e, f, g,% particles in the plasmagel and the 

p asmasol, a, b, c, particles attached to the plasmalemma, From Mast/ 1 

attaches And by contraction of gel just behind the tip the cell is pulled for¬ 
ward. This is well shown by Difflugia, which has a shell consisting of sand 
grains cemented together. One pseudopod extends freely, waves about, and 
finally attaches at its tip, then as the gel of the first pseudopod contracts, 
a second pseudopod is extended, receiving plasmasol from the attached pseu¬ 
dopod, which thus shortens and pulls the shelled portion forward. 7 34 

Freely crawling amoebae move at rates of 0.5 to 4.5 micra per -second, 
most of them at the rate of about 1 micron per second. 12 Monopodal indi- 
Vld nnm tr ^l faSter than multi P oc laI ones; monopodal specimens of A. proteus 
in 0.001 N NaCl averaged 4.6, irregular monopodal 4.3, and multipodal 2.1 
imcra per second. 44 Lymphocytes in tissue culture moved an average of 0,55 
fi/set, whereas the non-polarized macrophages averaged 0.004 u, or less ner 
second. 8 
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In feeding, those amoebae which travel by small pseudopods, as A. pro- 
tens, form food cups consisting of lateral and dorsal pseudopods flowing 
around a food mass which may itself be motile. Food particles do not ad¬ 
here to the plasmalemma. The pseudopods of the cup meet distally, they 
may or may not touch the food, and the food mass is thus incorporated in 
a food vacuole. In amoebae with a single broad pseudopod, as in A, Umax, 
there appears to be some adhesion of food masses to the plasmalemma and 
the cell surface indents, enclosing the food in a vacuole. 20 Also the surface 
of reticulopods and axopods are sticky, and food adheres to their surface. 

THEORIES OF AMOEBOID MOVEMENT 

Several theories have been proposed to account for amoeboid movement. 
The fascinating history of this subject has been well reviewed. 8, The first 
of these theories was popular with various modifications from 1835 (Du- 
jardin) until 1875 (Schulze). It postulated contraction in elements in vari¬ 
ous parts of the cell, particularly the pseudopods, which pulled the proto¬ 
plasmic mass ahead. The second theory involved surface tension forces and 
was based on the analogy of amoeboid movement with the movement of a 
mercury drop toward some salt, such as potassium dichromate, or with the 
currents in a drop of oil in contact with a soap. This theory was developed 
with many variations by Berthold (1886), Biitschli (1892), and Rhumbler 
(1898), and still persisted in a paper by Tiegs in 1928; 52 it postulates that 
some organic solute lowers the surface tension at some point on the amoeba, 
and a pseudopod is there extended. That such action can occur is shown 
by the modern observation 4, 27 that a drop of one of various paraffin oils 
can form a cap, a pseudopod forms beneath it, and fountain streaming, often 
without forward locomotion, can continue beneath the cap for many hours. 

There is abundant evidence against surface tension forces as being nor¬ 
mally responsible for amoeboid movement. The plasmalemma is not a liquid 
surface but an elastic membrane. The currents on the plasmalemma are 
forward, not backward as on the surface of a drop of mercury or oil moving 
by a "pseudopod.” Also there is no reasonable suggestion regarding die 
nature and method of secretion of any solute which might lower the surface 
tension locally. 

The most reasonable current theory of amoeboid movement is based on 
the reversible gel-sol transformation and assigns the propulsive force to con¬ 
tractility of the gel. This notion was actually proposed in 1863 by Wallich 
and was advanced by Jennings in 1902. The first discussion in terms of 
colloidal properties of gels and sols was by Hyman; 18 the theory was ad¬ 
vanced by Pantin, 42,43 and greatly extended by Mast and his associates, 81 ' 
' {2,34 Support has come from pressure experiments by Marsland and Brown, 80 
and from studies of blood cells in tissue culture. 5, 26 

The plasmagel is truly elastic. Measurements of the extensibility of strands 
of myxomycete plasmodia gave a value of Young’s modulus of 9 X 10 4 
dynes/cm. 2 , which is about one-thirtieth as elastic as muscle. 41 

The tension at the cell periphery, as measured by the centrifugal force 
to pull an oil droplet out through the surface, is 1 to 3 dynes/cm. or lower- 
slighriy more than the peripheral tension in marine eggs but much lower than 
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the tension of 20 dynes/cm. at the interface of olive oil and water. 10 The 
tensions measured by Harvey and Marsland are not "surface tension” but 
total restraining tension residing in the cell periphery; there is no rigorous 
distinction in such a system between contractile and elastic tension. Calcu¬ 
lations indicate that tensions of 1 to 3 dynes/cm. are of the order of magni¬ 
tude needed to force the sol forward, 12 but an amoeba can develop much 
greater tensions, as when it pinches a Paramecium in two. 40 

The contractile tension of the gel presumably resides in long protein mole¬ 
cules whose organization and "contractility” is indicated by measurements 
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Fig. 241. Proportionality between the effects of hydrostatic pressure on protoplasmic 
streaming (and cell division) and the degree of solation imposed by pressure in various 
gel systems. • arbitrary point, all other values relative to this; r gel value, amoeba; 4, 
gel value, unfertilized Arback eggs; X gel value, cleaving Arback eggs; + rate of 
cleavage, Arbacia eggs; • gel value, Elodea cells; 0 rate of streaming, Elodea cells; M 
gel value, actomyosin gel (rabbit muscle at pH 6.5,23°-24° C). Redrawn from Marsland 
1942 and 1944.““'■ 

of resistance to granule movement in a centrifugal field, and by observation 
of the effects of hydrostatic pressure. The gel of newly formed or advancing 
pseudopods is less rigid than the gel in posterior regions, When amoebae 
are subjected to high hydrostatic pressure the "viscosity” falls, the gel so- 
lates and locomotion stops. At 2000 lb/in. 2 pseudopods are long and cylin¬ 
drical; above 6000 lb./in. 2 no new pseudopods are formed; at about 6500 
lb,/in. 2 terminal spheres appear on pseudopods and the pseudopods retract 
as balls of fluid. A series of functions-amoeboid movement, chromatophore 









636 Comparative Animal Physiology 

expansion, cyclosis in Eladea, cleavage in Arbaeia eggs-are similarly stopped 
as the protoplasmic rigidity decreases under high pressures (Fig. 241). 

These are in contrast to bioluminescence, ciliary movement, muscle contrac¬ 
tion, and nerve propagation, which functions may be enhanced by pres¬ 
sure properly applied. 28, 30 

The rate of locomotion is not directly related to the gel-sol ratio, even 
though the gel is thicker posteriorly. For example, the gel increases with i 

increasing external acidity, it also increases as the temperature is lowered, 
yet the rate of locomotion shows broad pH and temperature optima. 39,4S v 61 
For brief exposures to different temperatures (not metabolic acclimation) 
the velocity of locomotion in A. proteus rises from zero at about 5° C, to a 
maximum at 22.5-24°, sometimes a double maximum, then declines to zero 
at about 33°, 39, 49 whereas in the marine Flabellula the maximum is at 
35-40°. The gel-sol ratio, however, declines with rising temperature, 39 as does 
the viscosity (with some irregularity), 11 ! 

In Amoeba proteus thfere are two pH values at which the rate of locomo¬ 
tion is Maximal, pH 6,2 and pH 7.5, in the presence of a salt mixture; but 
in the presence of single cations, Na + , K+, or Ca++, only one pH maxi¬ 
mum occurs; 45 An amoeba Which is largely sol, A. dubia, showed an increase 
in viscosity, as measured by centrifugation, in NaCl and KC1 and a de¬ 
crease in MgCL and CaCL, whereas, in similap concentrations on the gel- 
rich A. proteus, Ca increased and K+, Na+, or Mg++ decreased viscos¬ 
ity. 13, 14 High external calcium tends to increase the gel-sol ratio in a pH 
range where Na+ or K+ cause a decrease in gel. 14,45 The effects of salts 
depend on external pH, but in no condition is gel-sol ratio or viscosity as \ 

measured by centrifugation affected in the same manner as is the rate of 
locomotion; The frequency of rupture of the plasmagel sheet is, however, 1 

related to the gel-sol ratio; those conditions which decrease the amount of 
gel also increase the frequency of rupture of the sheet. 39 Gel-sol ratio and 
mean viscosity ate important in locomotion, but other factors also contribute. 

It is probable that the rates of gelation and solation are important; also the 
contractility of the gel need not be proportional to its viscosity or to its 
amount relative to the sol. Changes in elasticity of the gel as measured by 
microdissection might be better Correlated with rate of locomotion. How 
external pH is effective on the gel even though the cytoplasm is well buffered i 

is not known. 

Locomotion can be altered by local solation or gelation. In an electric 
field, for example, solation is induced in an amoeba on the side toward the 
cathode and pseudopodia progress in that direction. 9, 30 Intense illumina¬ 
tion or mechanical stimulation of a pseudopod tip induces gelation and 
streaming reverses in that pseudopod. 35 Pantin 42,43 suggested that con¬ 
tractility of the posterior gel results from loss of water by syneresis and that 
the anterior gel or freshly formed gel imbibes water. He claimed that 
in a marine amoeba the granules at the anterior end and in active pseudo¬ 
pods were more acid than those in the posterior end. This difference in j 

acidity was not confirmed by Mast. 31 However, immersion in hypertonic 
solutions causes gelation and results in a rugose or wrinkled surface. 38, 42 * i 

Many amoeboid cells have at times an irregular tail-piece (A. Umax, P, pa- j 
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lustris, mammalian lymphocytes), from the gel of which it is likely that water 
has been removed. If the gel matrix consists of long polypeptides cross-linked 
by side-chains, shortening or contraction would involve the loss of water. 1,8 
Another suggested mechanism for solation is that it results from the thixo¬ 
tropic character of the gel, such that the mechanical agitation caused by 
contraction leads to solation, while gel reforms as soon as movement ceases 
at the anterior end. 8 

Elastic tension might be developed if there were a decrease in volume of 
the gel as it sets, as there is in gelatin. However, gels which solate under 
pressure as does the gel of amoeba, increase slightly in volume on setting, 28 
hence the contractile tension can hardly result from a volume decrease, 'it 
is more likely that fibrous proteins or polypeptide chains shorten according 
to their state of hydration. 

The contractile elements in the plasmagel may resemble contractile muscle 
proteins. The "viscosity” of actomyosin decreases with pressure, as does the 
amoeba gel viscosity. In amoebae two processes must be separated: (1) the 
continuous solation at the posterior end and gelation at the anterior end, 
and (2) the persistent contractile tension of the plasmagel. In muscle there 
are two different processes: (1) the activation of the contractile elements, 
probably via aderiosinetriphosphate (see Ch. 16, p. 605), and (2) the 
rapid development of tension in the gel. The elements of the gel matrix 
of amoeboid cells must be much less regularly organized than those in 
muscles because an amoeba shows no birefringence except for a few gran¬ 
ules. However, the axopods of Heliozoa and Radiolaria are very contractile 
and are birefringent. 43 These axopods may well represent an intermediate 
state of organization between the weakly contractile gel of rhizopods or 
myxomycetes and true muscle. 

The difference in the effect of pressure on muscle and amoebae may be 
explained as follows: solation in amoebae may result from either blocking 
the gelation process or reducing gel rigidity or organization; in muscle the 
enhancement of contraction may be due to the effect of pressure on the 
process of activation of the contractile proteins. This interpretation is sup¬ 
ported by the fact that if pressure is applied after the beginning of con¬ 
traction in muscle the tension is actually reduced. 2 It would be of interest 
to know the effect of pressure on contraction of actomyosin fibers and on 
the axopods of Heliozoa and Radiolaria. 

The energy basis for the gel contractility in amoeboid movement is un¬ 
known. Amoebae can move for long periods in the absence of oxygen, but 
the rate of locomotion gradually declines, 17,22 Newly formed pseudopods 
are more sensitive to cyanide than are the posterior regions. 13 Enucleated 
fragments of amoebae round up and cease movement. 

The preceding evidence indicates that, although there may be minor 
variations in amoeboid movement with different cell and pseudopod types, 
the basic pattern is the same in all amoeboid cells. Velocity of locomotion 
appears to be more closely related to the elastic tension of the plasmagel than 
to the amount or viscosity of the gel. The gel may contain polypeptide 
chains which are in a contracted state but which are less organized than 
corresponding chains in muscle. Detailed information is lacking regarding 
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the adhesiveness of the plasmalemma, the method of interconversion of gel 
and sol, and the micellar state which gives contractile power to the gel. 

MOVEMENT IN GREGARINES 

Gregarines are parasitic in certain invertebrates, particularly in oligo- 
chaetes and arthropods, and their trophozoites are motile. They have an outer 
layer of myonemes or contractile fibrils, which cause movement of the body 
in a variety of directions and are responsible for most of their locomotion. 
In addition, the cells secrete a mucous film which has been said to have a 
locomotor function. This film must favor attachment, but evidence that it 
has a propulsive function is not convincing. 
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CHAPTER 18 



Cilia 

r 

■ i ilia are permanent motor differentiations at the cell surface 

% A which are capable of performing work by their rapid and 
< usually rhythmical movement. They are often divided into two 
types: (1) flagella, which are relatively larger organelles and which are present 
usually singly or in small numbers upon cells; and (2) cilia proper, which are ^ 

relatively much smaller and occur characteristically in large numbers upon 
each cell. Typical flagella are common among the Mastigophora of the phylum 1 

Protozoa, the choanocytes of the Porifera, the gastroderm of many coelenter- 
ates, the flame end-bujbs of certain rotifers, the solenocytes of annelids, and the 
sperm cells of most groups throughout the animal kingdom. Cilia proper are 
characteristic of the ciliated protozoans and are found over more or less of 
the body surface of coelenterates, Turbellaria, and Nemertea. In all other 
phyla of animals except the Nematoda and the Arthropoda (excluding the 
Onychophora), they are found at certain locations in or on the body. 

Ciliary activity is restricted to an aqueous medium, and hence is found » 

only on surfaces which are submerged, or at least covered by an aqueous 
film. By typical ciliary movement two types of observed results may be ob- £ 

tained, depending on the inertia of the ciliated surface. If the latter is small, 
then a movement of the ciliated surface through the medium, or locomotion, 
results; if, on the other hand, the ciliated surface is large, or the ciliated 
structure is not free to move, the external medium is caused to move over 
the ciliated surface. It is therefore obvious that ciliated surfaces can become 
most effective for rapid locomotion only in small organisms such as pro¬ 
tozoa, ciliated larvae, etc. In such forms acceleration to maximum speed is 
very rapid, and the organisms stop very quickly on cessation of their ciliary 
activity, .v' 

Larger organisms may be moved only sluggishly by cilia. Acceleration is 
generally slow, and the animal fails to come rapidly to a halt on cessation 
of ciliary beat. Furthermore, unless such larger free-swimming organisms as, 
for example, ctenophores, possess a density very close to that of the sur¬ 
rounding medium, cilia are powerless to serve effectively as Iocomotory or* 
ganelles, It is interesting, therefore, that the comb-jelly, Pleurobrachia, with 
a water content of 94.73 per cent, has a density of 1.02741, very close indeed 
to that of the surrounding sea water. 38 ’ 38 

Cilia are locomotor organelles also in many small worms, in numerous 
rotifers, and even in certain snails, e.g., in Nassa. 

It is perhaps significant that, whereas activity of most ciliated surfaces is 
continuous throughout the life-time of the animal, cilia whose primary func- 
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tion is locomotion commonly show the characteristic of being under the con¬ 
trol of the coordinative mechansim of the organism, enabling the animal to 
orient its movement, or cease moving. This control of locomotor ciliation ap¬ 
pears to be superimposed upon a fundamental ciliary automaticity. 26 

In those instances in which the surrounding medium, rather than the cili¬ 
ated cells, is caused to move, cilia may be subserving one or more of numer¬ 
ous functions, such as feeding, circulation, cleansing, respiration, and the 
movements of materials within ducts. The action of cilia establishes feeding 
currents for many ciliate protozoans and for sessile or sluggish species in a 
wide variety of animal groups. The feeding currents of rotifers are easily ob¬ 
served. The ciliary activity of the tentacles and oral regions of numerous 
sea anemones and corals serves to sweep non-nutritious particles away from 
the mouth and off the tips of the tentacles into the surrounding sea wa- 
t e r.sr», 7» However, in the presence of food, the tentacles which are, in re¬ 
sponse to the food, tipped toward the oral cavity pass these materials into 
the gastrovascular cavity. In Metridium marginatum, among other species, it 
has been reported that the direction of the effective beat of the cilia in the 
stomodaeum is reversed under the stimulus of food. 58,80 The unstimulated 
cilia normally beat outward, but in the presence of food such as crab flesh 
they beat inward. KC1 produces an action similar to that produced by food. 87 
In Actinoloba there are longitudinal grooves in the stomodaeum, the cilia 
on the ridges beating outward and those in the grooves beating inward. The 
degree of muscular contraction of this organ would therefore be expected to 
influence strongly the direction of the dominant currents created. 14 

Probably nowhere in the animal kingdom are ciliary mechanisms more in¬ 
tricately developed than in the ciliary filter-feeders, principally the lamelli- 
branchs, 1, 31 > 78 certain gastropods, 83 and protochordates. 54 Here the sys¬ 
tems are so organized that cilia set up feeding currents, filter out suspended 
particles, collect them into specific ciliary tracts, and convey them to the 
oral opening of the. digestive tract. Along the route special ciliary mechan¬ 
isms for sorting out the particles on the. basis of size, discarding the larger 
ones, are not uncommon. 

Materials are transported within the digestive systems of numerous in¬ 
vertebrates by ciliary action. Definite courses of circulation through the 
coelenteron canal systems of Aurelia 72 and Pleurobrachia 17 have been lucidly 
described. Ciliary circulation is an important means of the movement of 
food in the digestive system of some echinoderms, 16 numerous molluscs, 5 
and many other organisms. 

A cleansing role of cilia appears evident on the basis of the normal direc¬ 
tion of the effective beat in sea anemones. In many starfish cilia beat from 
mouth toward anus over the entire surface, sweeping away debris. The action 
of the cilia of the epithelium of the frog’s mouth and that of the cilia of the 
respiratory epithelium of mammals appear also to he largely examples of 
this role. 

Clear demonstration that cilia play a role in facilitating respiratory ex- 
\ change, apart from the functions which have already been described, is 

usually impossible. Any constant exchange of the medium in intimate contact 
L « with the ciliated epithelium would accomplish such a function in at least 
! some degree. 

! 
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Cilia are essential to the normal circulation of the body fluids by some 
annelids such as the pelagic polychaete, Tomopteris, and the sipunculoids 
and echiuroids/ 17 ’ 48 where a true circulatory system is vestigial or absent. 
The coelomic fluids are caused to circulate in a very effective manner by the 
action of specifically organized and directed ciliary tracts. The coelomic fluids 
of starfish are circulated in a similar fashion, the action of cilia even effec¬ 
tively providing for circulation within the dermal papillae. The cerebrospinal 
fluid of the vertebrate has been reported to be circulated by action of cilia of 
walls of the ventricles. 0 

In numerous instances among animals, particularly in the tubules of 
nephridia and kidneys and in ducts of the genital system, cilia are respon¬ 
sible for facilitating the passage of the materials normally conducted. 

The foregoing brief summary of the distribution and general roles of cilia 
indicates the abundant occurrence and varied functional significances of 
these organelles. Although they are by no means able to produce movements 
of the power and conspicuousness of those produced by muscle contraction, 
there are abundant instances where cilia normally are highly essential func¬ 
tional constituents of the organism. And in numerous of these instances they 
perform functions in a far more efficient and effective fashion than could 
probably be done by any conceivable typical muscular mechanism. 

The Structure of Cilia. Cilia in living cells show a great uniformity of 
structure and organization. The cilium appears, optically, quite homoge¬ 
neous. In appropriately treated ciliated cells the cilium can be seen to com¬ 
prise a sheath containing an axial filament. The sheath may be circular or 
ovoid in cross section. The contained axial filament may pursue a straight 
course through the sheath or may follow a spiral one. The axial filament 
not uncommonly extends distally beyond the limits of the sheath. 

The flagellum of some flagellates, e.g., Euglena, has attached to the 
sheath a series of diagonally oriented rodlets or mastigonemes which give the 
flagellum a feathery appearance. 3 ' 13 ' 71 Flagella of this structure are va¬ 

riously called "feather-type,’’ "ciliary,” or "stichonematic,” in contrast with 
the simpler whiplike type. The proximal end of the axial filament is invari¬ 
ably associated with a basal granule, which is believed to be derived from the 
cell centrosome. Many cytologists have described systems of fibrils proceeding 
from the basal granules to the vicinity of the cell nucleus. 

The flagellum of Euglena has been shown, after treatment with osmic 
acid, to be resolvable into four longitudinal unbranched fibrils spirally 
twisted over one another. 13 A similar ultrastructure has been disclosed with 
the aid of electron micrographs (Fig. 242) for the cilia of Paramecium , 
Frontonia, Colpidhtm, 66 ' 30 ’ 15 and the cilia of the clam gill. In the tail of 
the squid sperm the number of these longitudinal fibrils is 9 or 10, and this 
number shows very little variation among numerous sperm cells from this 
animal. 

The foregoing observation, together with the fact that cilia show positive 
form and intrinsic birefringence, 64 ’ 63 all indicate that longitudinally ori¬ 
ented submicroscopic micelles compose the cilium. In this characteristic, 
therefore, cilia have much in common with contractile fibrils of muscle tissue. 

Cilia often appear as compound organelles composed of numerous simpler 
units. The cirri of Euplotes or the large cilia of Nephthys gills may be re- 
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garded as composite bodies comprising numerous cilia arising from a num¬ 
ber of basal granules in a circular or ovoid field. 03 The ciliary elements ad¬ 
here closely to one another in a viscous matrix. The cilia of such a cirrus 
beat in unison. Membranelles of the adoral region of many peritrichs are 
small platelets of fused cilia beating synchronously. The undulating mem¬ 
branes of ciliates such as Blepharisma are long rows of cilia, each adhering 
to its neighbors. The compound character of the membrane may often be 
demonstrated by its fragmentation by appropriate manipulation with a 
microdissecting needle. 7 The component cilia, when separated from one an¬ 
other, beat quite independently; when they have reunited, the characteristic 
coordinated activity giving rise to the undulatory movement is restored. 
Such an activity is the result of the metachronic wave of ciliary activity pro¬ 
ceeding at right angles to the effective and recovery strokes. 



Fig. 242. Electron micrograph of a cilium from Paramecium, shadow-cast with chromium. 
From Jakus and Hall.” 


Characteristics of Ciliary Movement. The activity of any cilium may be 
resolved into one or another, or some combination, of three fundamentally 
different types of movement. 20 One of these is pendular movement in 
which the cilium bends back and forth, flexing only at its base. No differ¬ 
ence in the form of the cilium is observed between the effective and the 
recovery phases of its stroke, the former simply occurring more rapidly than 
the latter. This type of movement is seen in the cirri of hypotrichs. A second 
type of movement is a flexural one. Bending begins first at the tip of the 
cilium and passes toward its base; in recovery, the cilium progressively 
straightens from base to tip. Such hooklike bending is observed in the 
latero-frontal cilia of lamellibranch gills. The third fundamental type of 
ciliary activity is undulatory movement. This type is characteristic of flagella. 
In this type of movement waves pass along the flagellum from base to tip of 
the organelle, apparently never in the reverse direction. 

A type of ciliary activity involving a combination of pendular and flexural 
activities is observed in the frontal cilia of the gill of Myths 26 (Fig. 243) 
The effective stroke is a rapid, stiffly sweeping, pendular movement with the 
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concavity of the mildly curved cilium in advance. The recovery stroke in¬ 
volves a bending back again of the base of the cilium and then a progressive 
passage of this flexion to the tip. The effective stroke, therefore, appears to 
involve movement of a rigid cilium, whereas recovery appears to be con¬ 
cerned with a progessive stiffening from base to tip of an initially limp 
structure. 

Combinations of pendular and undulatory movements are found in the 
vibratile organs of the mammalian epididymis 82 and in a number of flag¬ 
ellates as, for example, in Trypanosoma." 0 In such organisms as the latter 
the undulatory and pendular movements need not occur in a single plane, 
nor need the two occur simultaneously in the same plane. Thus the tip of 
the flagellum in the course of its beat may trace out an elliptical orbit, a 
figure 8, or a more complicated figure. 

The single vibratile element of the flagellate, Monas, has been described 
to possess the capacity to carry out numerous types and combinations of 
activities. 8 - Forward movement is accomplished by a rapid pendular move¬ 
ment of the flagellum from a position directed forward to one at about right 
angles to the direction of progression. The recovery stroke is a typical flex¬ 
ural recovery (Fig. 244, A). The effective stroke may, instead, be initiated 
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Fig, 243. Movement of a frontal cilium of Mytilus: a, effective and b, recovery stroke. 

From Gray. 1 ' 1 

near the base and rapidly pass toward the tip. In slower forward movement, 
the total sweep of the flagellum may be reduced to about half the normal 
amplitude, but with the typical form of beat seen in rapid progression (Fig. 
244, B), Backward progression is brought about by undulatory activity with 
the waves passing from base to tip of the organ (Fig. 244, C). Lateral move¬ 
ments are the result of undulatory movements of a flagellum flexed 84 at about 
90 degrees (Fig, 244, D). Directing the flagellum backward results in for¬ 
ward movement. The undulatory activity may involve only the tip of the 
flagellum, or practically its whole course. 

The activity of the flagellum has been investigated with the aid of high 
speed cinema photomicrography. 34 ’ 81 ' Undulatory activity of the flagellum 
exerts only a pushing action on the medium. Forward locomotion in such 
common species as Peranema. and Euglena, in which the flagellum was for¬ 
merly believed to pull the organism and hence function as a tractellum, ap¬ 
pears to result from a bending of the whole flagellum, or at'least of its active 
tip, backward. 84 ’ 80 The undulatory activity typically passes from base to tip 


around the flagellum, as well as along it. Such movement imparts rotational 
and gyrational components along with a usual backward thrust. The re¬ 
sulting rotation and gyration of the body of the flagellate around an axis 
which constitutes the direction of locomotion is considered to provide an im¬ 
portant, if not the chief, force propelling the organism forward. The body 
proper acts under these circumstances as a screw-propeller. 38,30 

From the preceding paragraphs we see clearly that ciliary activity varies 
greatly in its complexity and variability in a single cilium, Some cilia appear 
to show a simple and uniform activity, others show considerable variability, 
more or less under the control of the general response mechanism of the 
body. 

Cilia are able to propel an organism through the water, or propel the sur¬ 
rounding medium past a stationary ciliated cell as a result of a directed 
thrust upon the medium. More work must be done upon the medium dur¬ 
ing the effective phase of a stroke than during recovery. In those cases 
where the effective stroke is of the pendular type and recovery is of the 
flexural type, the mechanism is obvious. Simple pendular ciliary activity 
would be expected to be quite an inefficient type for directed movement. In 
undulatory activity the thrust upon the medium is dependent on the progres¬ 
sion of a wave along the vibratile organ. A standing wave would obviously 
exhibit an equalization of all pulls and thrusts. A wave passing from base to 



A. B, C. D. 

Fig. 244. Some activities of the flagellum of Monas during locomotion. Arrows indicate 
direction of movement of the organism. (Redrawn from Krijgsman), 32 


V tip would exert a thrust away from the cell upon the medium, proportional 
to its rate of transmission along the flagellum, 
f Although cilia appear, on observation, to move through the medium at a 

very higHatg, they are actually moving very slowly, as a simple calculation 
will show.'The angular velocity of the cilia is high, as is seen from the 
fact that a cilium may show ten or twelve cycles per second, but the tip of a 
cilium is actually moving through the medium at a maximum rate of only 
a few feet per hour, a rate quite slow in terms of propulsive instruments of 
the type of which we ordinarily think. The rate of the effective stroke is 
; usually 2 to 5 times that of the recovery. 

f The reversal of the direction of effective beat of cilia has often been re¬ 

ported. The most evident instances of this phenomenon lie among the cili- 
| , ated protozoans and small turbellarians, such as Stenostomwn, whose re- 

i versal of direction of locomotion may reflect this reversal of activity. Some 

early reported cases of ciliary reversal among metazoans appear to find their 
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explanation in terms other than that of a reversal of the direction of beat 
of individual cilia. The apparent reversal on the labial palps of Ostrea,^ 
and probably also in the gullet of the coelenterate, Actinoloba, 14 appears 
to be explicable in terms of opposite directions of beat of cilia of longitudinal 
grooves and ridges, together with muscular movements making one or the 
other of the tracts dbminantly influential. 

The cilia of the lips and gullet of the sea anemone, Metridium, and also 
other species of anthozoans, whose tentacles are too short for successful 
transport of food to the mouth, appear capable of reversal of beat in re¬ 
sponse to direct stimulation by chemical agents. In the norma] unstimulated 
anemone the cilia beat outward. When, however, a piece of food material 
such as crab flesh is brought into contact with the ciliated epithelium, those 
cilia in the immediate region of the food reverse their beat, now carrying 
the food into the gullet. Immediately following passage of the particle the 
cilia resume their outward beat. 

The effect of crab flesh, in inducing ciliary reversal in the Metridium can 
be imitated through the application of 2Vi per cent KC1 in sea water or the 
addition of glycogen, 58 etc. After this treatment the direction both of the 
effective stroke and of the metachronic wave is reversed. Such treatment 
does not reverse the direction of beat of the cilia of the tentacle or siphon- 
glyphs. 

In Paramecium ciliary reversal is effected by treatment with KC1 and 
salts of other monovalent cations. 51 ' 82 When the animal is subjected to an 
electric field, there is a reversal of beat of cilia on the end of the animal 
nearer the cathode. 

The only seemingly genuine instance of ciliary reversal in higher meta¬ 
zoans appears to be in the ectodernial cilia of amphibian larvae. 70 Here local 
ciliary reversal is observed in response to mechanical stimulation. In all 
other carefully studied ciliated epithelia in higher metazoans, reversal is 
apparently impossible. 

Ciliary Control and Coordination. Cilia appear to show a well developed 
automaticity. The cilia of ciliated epithelium of even small areas of the tissue 
continue to beat after removal from the organism. In protozoans the cilia of 
even small fragments of an individual will continue to beat for some time, 
even in the absence of any nuclear material. Sperm cells with the head re¬ 
moved continue to show active locomotion. Such observations indicate that 
the automaticity of ciliary action resides entirely in the cilium and an im¬ 
mediately adjacent region of the cell. A number of observations suggest that 
an organic connection with the basal granules is essential to the beat. Sep¬ 
arating the middle piece from a sperm tail or stripping away the sufface of 
a ciliated epithelium in such a manner as to break the connections be¬ 
tween the cilia and the underlying layer of basal granules is re- 
ported^ to result m an immediate cessation of ciliary beat. 20 It is not 
yet fully established whether it is the basal granules themselves or some 
other functional elements in the same general area which are essential for 
normal activity, 

The cilia of any ciliated surface exhibit through their metachronism evi¬ 
dence of the presence of a general coordinating mechanism. Metachronism is 
a term applied to the characteristic beating of the cilia in any ciliated epithe- 
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lium in one direction in a regular sequence (Fig. 245). Each cilium is very 
slightly out of phase with its neighbor in front of and the one behind it. 
This fact, together with the fact that the cilia at right angles to this wave 
of activity are beating in phase with one another, gives the visual impres¬ 
sion of waves passing over the epithelium. The crests of the waves include 
those cilia at the peak of their effective stroke; the troughs include those 
cilia at the ends of their effective strokes and about to commence their re¬ 
covery. 

The direction of the metachronic wave in a ciliated surface appears to be 
as fundamental a property of the surface as the direction of ciliary beat. 
Even a small isolated .portion of a ciliated surface continues to show its own 
inherent direction of metachronism. This is not disturbed by removing and 
then replacing after rotating through 180° a portion of the ciliated epithe¬ 
lium of the roof of a frog’s mouth. 4 In these circumstances the transplanted 
portion has its metachronic wave proceeding in a direction opposite to that 
in the surrounding tissue. 


4----| L.__..i 
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Fig. 245. Diagrammatic representation of the metachronal rhythm. 

Cilia 1 to 12 are beating in sequence. From Gray. 21 

Among ciliated tissues from various sources, the direction of the meta¬ 
chronic wave bears no constant relationship to the direction of the effective 
stroke. In some, as in the frog's mouth, the metachronic wave and ciliary 
effective strokes are in the same direction. In the rows of ciliated combs of 
ctenophores the two are in opposite directions. 10 86, In the cilia of the gills of 
the annelid, Nephthys, 11 and in the lateral ciliated epithelium of Mytilus 
gills 20 the metachronic wave is always at right angles to the effective stroke. 
There is no essential fixed relationship between the two. 

Little is known of the mechanisms of the coordination and control of 
cilia. There is reason to believe that it is more complex among protozoans, 
in which a number of complex locomotory patterns are exhibited by a single 
individual, than in the ciliated epithelia of the larger metazoan invertebrates 
and vertebrates. In these higher animals the pattern of coordination seems 
for the most part to be a highly invariable one. Among the protozoans there 
appear to be definite species differences in the pathways of the metachronic 
wave. This is not interfered with by a transverse cut deep into the animal 
in Spirostomum and Stentor, but coordination on the two sides of such an 
incision is lost in Paramecium.™ Transmission of the metachronic wave 
would appear to be by way of a conducting network in the ectoplasm, per¬ 
mitting passage in all directions through the ectoplasm in the former species 
and only along ectoplasmic, longitudinal pathways in the latter. In view of 
the fact that the silver-line systems of ectoplasmic fibrils in the first two 
species show the form of a network connecting the basal granules, and in 
the latter species possess the form of only longitudinal fibrils, it has been 
« suggested that this fibrillar system forms the conducting pathway for the 
metachronic wave in protozoans. 
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Studies on the progressive anesthetization of the ciliary mechanism have 
shown that, in protozoans, the first thing to be lost is the power of ciliary 
reversal At a later stage metachronic coordination is lost, leaving the cilia 
heating independently. Last of all, the cilia entirely cease their activity. 
This observation has led to the hypothesis that ciliary beat, metachronism, 
and reversal are controlled by three separate mechanisms. Reversal must be 
governed by a mechanism of relatively rapid transmission affecting all cilia 
of the organism nearly simultaneously and passing in all directions over the 
animal. Transverse cuts passing deeply into those protozoans investigated in 
t is regard do not measurably interfere with the transmission of excitation in 
response to stimuli which induce ciliary reversal. 
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anisms within the organism. Such hypotrichs as Uronychia and Euplotes 
show, not one type, but several types of locomotory pattern. 08 A role of the 
neuromotor system in control of locomotion in Euplotes has been indicated 
from experimental destruction of parts of this system (Ch. 23). In a number of 
metazoans both direct and indirect evidence has been advanced pointing to 
nervous modification of ciliary activity. 18 ' ‘ 10 ' 41 ' 42 

The rows of ciliary combs of ctenophores are controlled by impulses pass¬ 
ing out over the paddle rows from the aboral sense organs. 2,10 The ciliary 
locomotory systems of the turbellarian, Stenostomum, and of the ciliated 
larvae of many molluscs and annelids are known to be under the control of 
the nervous system. 8 The cilia may be active or motionless or, in the case of 
Stenostomum , reversed. A freshly isolated piece of ciliated lip of the snail 
Physa shows no ciliary activity unless a nerve fiber innervating this region 
is stimulated. 40 On the other hand, Alectrion, whose locomotion is largely 
dependent on pedal ciliary activity, can inhibit these cilia. 12 If the foot is ex¬ 
cised, there is first cessation of ciliary beat, which is, however, gradually re¬ 
sumed again a short time after its removal, and then the beat continues 
unabated for the remainder of the life of the ciliated epithelium. 

The cilia of the frog’s mouth have been found to be accelerated greatly 
and the amplitude of the heat increased after electrical stimulation of cer¬ 
tain cranial nerve fibers. 07 There is a latent period of about a second be¬ 
tween beginning of stimulation and the response, The influence of the ner¬ 
vous stimulation persists for as long as 10 minutes. It is not yet clearly shown 
whether these fibers are of sympathetic or parasympathetic character, al¬ 
though the bulk of the evidence appears to suggest their belonging to the 
facialis group. Acetylcholine has been reported to increase ciliary activity. 
In further support of normal nervous control of the cilia of the frog’s mouth 
is the observation that these cilia are normally quiescent; 44 ' 48 they com¬ 
mence to beat in response to such stimuli as the addition of foreign par¬ 
ticles. After these particles are swept away the ciliary beat again ceases. 

Influence of Environmental Factors on Ciliary Activity. Probably the 
two most important environmental factors normally influencing ciliary activ¬ 
ity are temperature and hydrogen ion concentration. The maximum rate of 
ciliary activity occurs at about 34° C. (Mytilus gill) and 35° C. (ciliated 
epithelium of the frog’s mouth). 22 ' 48 The Q 10 varies with the tempera¬ 
ture range for which it is determined. For Mytilus gill cilia it ranges from 
about 3 at the lower temperatures to slightly less than 2 at the high end of 
the physiological range. Above a certain critical temperature there is a rapid 
drop in rate. It seems reasonable to expect that the maximum temperature 
for activity of ciliated epithelia would be higher for animals normally 
found at higher temperatures than for animals living at lower temperatures. 

Hydrogen ion concentration, which varies considerably in nature, has a 
more profound influence on the rate of ciliary activity than concentration of 
any other ion. 8,27, B0,60,77 Those acids like carbonic acid which penetrate 
cells more rapidly have a greater effect than those which penetrate less rap¬ 
idly. 21 Increase in hydrogen ion concentration can cause cilia to become 
completely quiescent. 

A biological significance of this response of cilia to increased acidity is 
seen in the fact that in an ordinary bivalve mollusc whose valves have been 
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held tightly closed for two or three hours out of water there is a high enough 
concentration of C0 2 to inhibit ciliary activity. Inasmuch as 0 2 consump¬ 
tion of ciliated tissue is a direct function of the rate of ciliary activity, this 
influence of C0 2 is obviously adaptive. The minimum hydrogen ion con¬ 
centration necessary to produce inhibition of gill cilia varies with different 
molluscan species, For example, it is lower in Mya, which customarily dwells 
in well-aerated water, than in Ostrea or Myths. 

Another very striking instance of an apparently adaptive variation in the 
minimal hydrogen ion concentration essential for ciliary inhibition has been 
reported for the cilia of the different portions of the digestive tract of MyaP 
There is a definite correlation between the normal pH of each region of the 
digestive tract and the pH at which the cilia of that region are brought to 
rest. 6 

^ J° T anions are also known to influence ciliary activ- 

7* ’ *' ‘ ‘ general, these ions are relatively constant in any 

given environment in nature. The effects of altering their concentrations 
and ratios appear to be general physiological ones, quite comparable to their 
ac ion on all cells; and, as with other cells, cation content of the medium 
has more influence on ciliary beat than has anion content. 

Thames 0 Cifiaiy Movement. Little or nothing is known of the actual 
mcehanism of ciliary motion.: Historically, theories have fallen into two gen- 
eral categories: (1) those that assumed the moving force to occur in the cell 
Wy proper, with the cilia acting only passively, and (2) those that assumed 
that the moving force occuned in the cilium itself, the cilia therefore mov- 
ng as a result of their own contractile powers. The original proponent of 

the dh! it n a "I 8 “ passile lodies “ Schsfe “ wh ° considered 
the d a to he hollow elastic structures with differences in the degree of 
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hat the ahum itself is an actively contractile element with only one side 
of the c,hum contracting o, with the two sides contracting jJZeTtfi 
view, first clearly advanced by Heidenhain=' in 1911, has emhred 
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port of the axial filament, as the active portion one can point to the terminal 
undulation of the flagellum of Peranema. This portion of the organ ap¬ 
pears to possess principally the axial fiber. 

The ciliary activity normally involves a utilization of oxygen, the rate of 
0 2 -consumption varying with ciliary rate. 211 However, like muscle, cilia ap¬ 
pear capable of acting for a time anaerobically. After administration of 0.1 
per cent NaCN to a fragment of Mytilus gill, 0 2 consumption drops off 
abruptly, yet ciliary activity diminishes much more slowly, Fragments of 
Mytilus gill placed in weak hemoglobin solutions in chambers perfused 
with damp hydrogen show ciliary beat continuing for some time after reduc¬ 
tion of the hemoglobin. After ciliary heat has become very slow under the 
anaerobic conditions, rapid beat is restored quickly on readmission of oxygen 
and reoxygenation of the hemoglobin. The cilia of the gill of Pecten, on the 
other hand, are reported to cease beating immediately on removal of oxygen, ^ 
as indicated by the reduction of dyestuffs such as janus green and neutral 
red, and before nile blue is reduced. The cilia of Paramecium cease activity 
within a few seconds in an Oy-free medium. 18 It is known, nevertheless, that 
some ciliates are able to carry on normal ciliary movement in natural envir¬ 
onments which are practically oxygen-free. One can not yet conclude whether 
the need for O a differs qualitatively or only quantitatively among different 
species of animals. 
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Trichocysts and Nematocysts 


1 TRICHOCYSTS 

he ectoplasm of numerous species of ciliates contains extrusible 
bodies known as trichocysts. 1,17,7 These are fusiform bodies oriented 
_ obliquely or at right angles to the surface. Among various proto¬ 
zoans, they may be uniformly distributed over the surface, as in Paramecium, 
or restricted to certain regions, as in the proboscis of Dileptus. They may be 
projected outward on the ends of long tentacles in feeding specimens of 
Actinobolina. 


The trichocysts appear to have their origin within or close to the macro- 
nucleus in Frontonia, 23 From here they make their way to their definitive 
position in the ectoplasm, completing their differentiation as they migrate. 
In Prorodon, the fully formed trichocyst appears to have the form of a 
cylindrical sac containing an elongated, coiled filament. In Paramecium the 
undischarged trichocysts may be seen to possess an oval body proper, about 
2-3 fi long 1 by 2/3 n in diameter, and a cap-covered tip of slightly smaller 
diameter. On discharge, the tip with its covering cap is separated from the 
body proper through the elongation of a shaft. 15 ' 1# - 9 
The trichocysts can readily be induced to discharge their filaments through 
chemical (acid or base), mechanical (pressure), or electrical (condenser dis¬ 
charge or induction shock) stimulation. With electrical stimulation there is 
an increase in the number discharged as the strength of the stimulus is in¬ 
creased. 22 The total discharge is very rapid, occurring in a matter of a few 
milliseconds. The discharged trichocyst is needle-like in general form, being 
ten or more times as long as the undischarged body. The discharged tricho¬ 
cysts of Paramecium may be 40 ju long. The trichocysts of Paramecium show 
birefringence, indicating an orientation of elongated submicroscopic particu¬ 
lates in the long axis of the organelle. 21 A study of the extended threads of 
discharged trichocysts of Paramecium with the electron microscope reveals 
them to be composed of a shaft showing a periodic transverse-banding at 
intervals of 600 to 650 a (Fig. 247). The characteristics of the shaft indi¬ 



cate it to be a thin cylindrical membrane composed of elongated protein 
chains showing a periodic structure somewhat resembling that of collagen 
fibers. The over-all striation of the organelle would then be a consequence 
of the alignment of these fibers in phase with one another. At the tip of the 
shaft there is a relatively opaque, thornlike body indicative of the presence of 
a dense proteinaceous structure or of elements of high atomic mass. 0,10 
Little or nothing is known of the mechanism of trichocyst discharge of 
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system, which some consider to have a nerve-net type of conductile function. 
The mechanism of discharge probably involves either a hydration of some 
protein within the trichocyst or a rapid osmotic inflow of water on excitation 
of these organelles. 

The role of trichocysts in protozoans is still not definitely established. 
They have been considered by many to possess a protective function. This 
appears doubtful in such species as Paramecium, which are readily ingested 
by Didinium even after the Paramecium has extruded many of its tricho¬ 
cysts. More probably the trichocysts function here as organs or attachment. 2 ® 
In ciliates such as Dileptus and Actinoholina, prey coming in contact with a 
region of the body bearing trichocysts appears to be paralyzed instantly, as if 
a toxin were associated with the discharged trichocyst. 

Among the dinoflagellates, Polykrikosmd Nematodinium, there are tri¬ 
chocysts that bear a very close resemblance structurally to the nematocysts 
of coelenterates and are frequently called nematocysts; Trichocysts in va¬ 
rious stages of differentiation have been found within these dinoflagellates, 



Fig. 247. Electron micrograph of discharged Paramecium trichocysts, shadow-cast 
with chromium. From Jakus and Hall. 18 

Another type of effector organelle very closely resembling the coelenterate 
nematocyst is the polar capsule of sporozoans of the groups Myxosporidia and 
Actinomyxidia., Within the digestive tract of host organisms, the action of 
the digestive juices induces these capsules to discharge their spirally-coiled 
hollow thread after the fashion of a nematocyst. The discharged filament 
serves as a means of temporary anchorage of the parasite to the host tissues. 

NEMATOCYSTS 

The nematocysts of coelenterates are extremely small intracellular struc¬ 
tures of spherical, oval, or spindle form. They consist of a capsule within 
which a hollow thread, continuous with an end, is introverted and coiled. 7 - 25 
The discharge of the nematocyst involves a rapid expulsion of the thread- 
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like process by eversion (Fig. 248). There is usually a cap or operculum 
covering that region of the undischarged nematocyst through which the 
thread is ejected. The nematocysts are produced within interstitial cells either 
at their final site or at some distance from this site, to which they move by 
ameboid activity or passive transportation. A cell containing a nematocyst 
is known as a cnidoblast or nematocyte. The portion of the cnidoblast con¬ 
taining the nematocyst eventually comes to occupy a superficial position and 
usually develops at its outer end a bristle-like projection, the cnidocil. The 
latter is imbedded in a small crater-like elevation on the cell. The cnidoblast 
also often differentiates trichite-like supporting rods in its peripheral regions 
and often, too, a fibrillar network associated with the capsule of the nemato¬ 
cyst and extending proximally from it, 

The nematocysts of coelenterates are divisible into two major groups, the 
spirocysts of the Zoantharia, which are acid-staining bodies possessing peculiar 
adhesive threads, and the basic-staining nematocysts proper. The latter are 
widely distributed through the whole phylum. They are of many types in the 
characters of their discharged threads. In some, e.g., the volvents, the thread 
is closed at its tip and forms a tightly coiled filament on discharge, wrapping 


l 


Fig. 248. An undischarged (a) and,a discharged (b) nematocyst located in its cnidoblast. 

The spine-like projection of the cnidoblast is the cnidocil, Redrawn from Sedgwick. 

itself about bristles or fibers of organisms in whose presence they are dis¬ 
charged. Most other types have open tips and are believed to penetrate prey, 
injecting into them a toxic substance. The threads, of these latter types com¬ 
monly possess an armature in the form of three spiralling rows of spines 
which serve effectively to anchor the thread into tissues which have been 
penetrated. The penetrating capacity of at least some types is so great that 
even the chitinous cuticles of small organisms can be punctured. 

_ The sting of numerous species gives rise to severe itching and other skin 
disorders in man. The toxicity is very great in a few coelenterates such as 
Physalia, and some larger scyphozoan jellyfish such as Dactylometra, even « 
enough to render them highly dangerous to man. Their sting may in some 
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cases produce serious illness or even death. The nature of the toxin associ¬ 
ated with nematocysts is largely unknown. Various toxic fractions have been 
prepared from nematocyst-containing tissues. 2 - 3 
The cnidoblasts respond as independent effectors in the discharge of their 
nematocysts. There is no evidence of control of these by any coordinatory 
mechanism within the organism. In their normal responses, and in response 
to highly localized electrical stimuli, there is a complete restriction of the 



Fig. 249. Discharge of nematocysts of Ammonia to various stimuli, a, Touch by a 
human hair, b, Touch by a clear, blunt glass rod fails to cause discharge, c, Response 
to clean glass rod after sensitization of the cnidoblasts with dilute saliva extract, d, 
Response to glass rod smeared with alcohol extract of Pecten gill. From Pantin. 18 

discharge to the specific region excited. 19,18 Intense mechanical stimulation 
by inert objects will induce only a weak discharge, whereas mild mechanical 
stimulation by natural foods is sufficient to evoke a strong response (Fig. 
249). Submersion of cnidoblasts in a weak extract of a normal food which 
will typically not itself induce discharge will greatly lower the threshold of 
these effectors in Ammonia to purely mechanical stimuli. 18 The specific food 
factors that are involved in this sensitization are lipoidal substances adsorbed 
upon proteins. The adsorptive forces are so strong that the factors cannot 
be removed by ether extraction, but they can be with alcohol. The active 
chemical substances appear to have properties resembling sterols'and phos- 
pholipins and to be highly surface-active. In view of the rapid and thorough 
discharge of nematocysts even to dried foods, it would appear that the nor¬ 
mal reaction must be "contact-chemical" in character, chemical sensitization 
to mechanical stimulation occurring almost instantaneously. 
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These highly specialized characteristics of excitation of nematocysts in 
Arnnonk are peculiarly adapted to the normal functional roles of. these 
effectors. The value of having the nematocysts withhold their discharge un¬ 
til the instant of mechanical contact is readily seen in comparing the results 
of stimulating discharge by a piece of cotton soaked in bile salts with that 
by a similar piece soaked in an extract of normal food material. In the for¬ 
mer case the nematocysts are induced to discharge before contact by the dif¬ 
fusion outward of the bile salts, which are highly potent cnidoblast excitors, 
and therefore before the discharge can result in any attachment of the dis¬ 
charging filaments to the cotton fibers, as occurs in the case of normal food 
substances. 

1 he cnidocils, when present, are probably concerned with the excitation 
process. That they are non-essential, however, is indicated by the fact that 
they are absent in many of the Anthozoans. It would appear that in their 
absence the cnidoblast surface comprises the receptive area for the response, 
The mechanism of discharge of nematocysts is not well understood. Two 
types of theories in particular have found favor among students in this field; 
both theories have in common the postulation that an increased pressure 
within the capsule forces out the filament. One theory considers the pres¬ 
sure increase following stimulation to be the result of a passage of water 
into the capsule. Some have believed the nematocyst operates as a simple 
osmometer. 8 ' r ’ Others think the water inflow associated with a hydration 
and swelling of colloids within the nematocyst in response to change in pH, 1 " 
and a consequent swelling of colloidal material contained therein. A second 
theory attributes the increase in pressure to a contraction of a fibrillar net¬ 
work associated with the capsule. 1 " It is possible that mechanisms fitting 
both theories are to be found among the numerous nematocyst types of the 
various coelenterate species. The nematocysts of Metridium appear to dis¬ 
charge as a result of inflow of water; those of Physalia appear to require the 
activity of contractile fibrils of the nematoblast. 

Functional nematocysts have been found in the flatworm, Microstomum, 12 
l3,14 and in the sea-slug, Aeolis. n, i ' 11 It has been conclusively demonstrated 
that these nematocysts have been derived from the coelenterates on which 
these animals feed, It is interesting that in the appropriation of coelenterate 
nematocysts, these flatworms and molluscs selectively utilize only certain 
types. For example, Microstomum digests the volvents and utilizes the pene¬ 
trants. The sea-slugs, feeding on Pennark, utilize only the highly effective 
type known as the microbasic mastigophores, to the exclusion of other types. 
The appropriated nematocysts are quite concentrated in the bodies of their 
new carriers, and would appear to serve as effective defensive weapons. 
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CHAPTER 20 




Biolumincsccncc 


J HE ability to produce light is very wiiielv distributed mining fsitcteriu, 
fungi, and animals, 1 ' 1 Among animals, luminous sjH t ic*. haw been 
««, rqwrted in tlu; major portion of the recngtiim! phyla 1mm the 
Protozoa through the Chordata. Then! appears to lie little «»r no general pat 
tern in the distrihutinn of the capacity among or within the animal groups, 
its occurrence is quite sporadic. It may omtr in one species u}' a geims and 
be absent in another. Practically ail of the known luminmts sjn-t ir*« are ma 
rine or terrestrial. Many luminescent marine species arc found among the 
abyssal and planktonic faunas. Luminescent littoral marine spetirs ate also 
numerous, I he only luminescent animal occurring in fresh water is an 
aquatic glowworm. Luminescent sjieeies have never Urn den nivd for rave 
faunas. 

Luminescence in animals is the result of dtcmilumiiHvem rear turns m 
which a substrate is oxidized, I he chemiluminescent reaction « usually as- 
sociated with the presence of sjmd granules in the eytoplasm of the lu 
roinous tissue. In many organisms the light producing rear tants are exjtelfed i» 
the exterior, where the actual reactions in production «f light occur, Tim 
type of light production is known as exlmvlltthtr Jmmm**em e. in contrast 
with intmcnlhtlur luminescence, in which the light yielding icatamu pro 
feeds within cells. In animals with extracellular Itmitm st erne tin* light pm 
ducing organs take the form of unicellular or multicellular glands which * 
Crete to the exterior. Sometimes a differentiation of two types of mc trtory 
cells are observed in multicellular luminous glands, limit appear to w » t v 
tribute to light production. 

In higher animals with intracellular hisoincsmnc there is a genet,d tend 
eney toward an evolution of sjH’cialtzed photogenic organs. Whereas in tin* 
protozoans the luminescing granules art; dispersed in tin* cytoplasm, in many 
higher animals such as eephuiupods, iusicis, and fishe*, they are fixated 
within lightproducing cells, which Form only a portion of organs which may 
possess, in addition to these cells, light alhorlriug and light relict ting layer*, 
light filters, refractive bodies, ami nerve supply, Such organs supcrlithilly 
resemble photoreceptors. 

It is by no means always an easv matter to determine whether am p.tr 
ticular luminescent aiumal jxjssesses of itself the abihfv t<* generate light, 
huth luminescence may result from the presence of liioiioesrcot b,n;tcfta to 
or on the organism in question. One criterion lor - distinguishing battered 
luminescence from that originating within animal cells is that m the former 
the light appears to be continuous, whereas in the latter it is usually pm 

m 




‘Jr 1 and raimnonly only in ris|«nsc io ratmuil stimuli. 

1 ,, ’“J l ! i "“ 5 111 *fc. Wt« Many truly plimofimic 
u *'■ :1 continuous glow. On the other hand, luiui- 

HCMicnce of bacterial origin can he made to give the semblance of intermit- 
trmy as, for example, m the iislr lUobkphmm, where the symbiotic lumi¬ 
nous !ucierin au? m a light producing pouch with a lid capable of intermit- 
leotly sun-mug the light, 

tfmim-me of Hiniuminewmic Among Animals. Among the Protozoa 
innu»;ruHs lufrum‘5ceiu sjades are observed. These are marine radiolarians 
™ W '“*•> 1 ll1 ' known example of the latter group is Naciiluai 
be' light pimliit jug granules are located throughout the organism hut par- 
t« mark m the peripheral regions,The organisms glow hrieily in response 

h * r! "‘ “dgimites in the region of the oral groove and 

sprciids as a wave over the body/'". 



A B 

N 2W Ckimpitm, A, fXtrwl view (after Trojan J. B, A lumfomnf individual 
in iLrkficcs (after I’anccnj. From Harvey. 1 " 

Numerous ticlcuicratcs are known to lx* luminous. These include a nunr 
Irt of hydrmd polyps, jdlyfisfe, sipbotwiphores, and sea-pens. In this group 
the region litminew irtg is usually the whole surface of the organism, but 
hirutm^eiut* may hr- restricted to certain spots, Luminesctmv.oecurs only 
in ropuiwc to stimuli. The natural stimulus is probably mechanical.. -The 
region immediately stimulated is first to respond, and this response'is followed 
by a wave of luminescence pox-etiding out from that point.* 8 *' 811 In the 
jellyfish, Pelagia, the extent of spread of the luminescence js a direct func¬ 
tion of the strength of the stimulus.* 11 Light production in coeleriterates ap¬ 
pears to he largely of the extracellular type, since luminous mucus can usu¬ 
ally he- readily nibbed from the surface or the organisms. 8,1 
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Numerous Ctenophora, perhaps all, are luminous. Here the light-produc¬ 
ing cells are located along the meridional gastrovascular canals in the vicin- 



u Flg ‘ ?; Sectl0 f throufih 8 ^ or 8 an of the deep sea shrimp, Socles. From 
Harvey. B, Section through light organ of the cephalopod, Rondekia. C, A section of 
a luminous area of Chaetoptems epidermis. From Harvey,** after Dahlgren. 


ity of the germ cells. These organisms luminesce in response to stimuli, but 
the response is inhibited by bright light. After subjection to daylight the 


Hmumhummce 


663 

animals must he kept (or some time in darkness before lull responsiveness is 
regained. 

Only a single luminous nemertuan, hmplaeiomma hanclai, has been de¬ 
scribed. 17 Photogenic cells, producing light intracellularly, are distributed 
over the whole worm, A local response to localized tactile stimulation is 
seen. A generalized response follows stretching of the animal. 

Among the Annelida luminescence is restricted to species of terrestrial 
oligochaetes and marine polychaetes. Many earthworms, on irritation, eject a 
luminous slime. I his may come from the oral or anal opening or from the 
dorsal pores, 111 ' l,< I he polyehaete, Chaetoptems, exhibits a striking lumi¬ 
nosity, much of the surface becoming luminous whenever the* worm is dis¬ 
turbed (f'ig. 250). The photogenii: cells are located in the hypodcrmis along 
with mucus cells, troth of which secrete their products to the exterior 1 '' 1 (Fig. 
251, (>,). Suggestive of nerve control of light production is the fact that 
stimulation of the anterior end of the worm results in a wave of light--pro¬ 
duction passing posteriorly. In the transparent pelagic Tonmpteris the photo 
genic organs are specialized ncphridial tunnels. 1,11 In luminous scale worms 
the light originates in certain papillae on the dorsal overlapping scales, Stim¬ 
ulation of any portion of ilu; body results in a wave oi light production 
passing posteriorly from the point of excitation, hut not anteriorly, 1 '' thus 
indicating rather dearly an influence of a polarized nervous system. 

I .uminnus species oi arthropods are numerous. 1 hey are lar gely crustaceans 
and insects, raritlv tnyriajiods and arachnids, In fact, it is front a luminous 
ostracod, Cypridhm, that we have learned much of the fundamental char¬ 
acteristics of the basic photogenic process, l ire light.-producing organ is a 
large gland located near the month,"'' 1 Two kinds of cells can he stun in the 
living gland, one containing large yellow granules (hicilcrin), and the 
other, small colorless granules (liicifeiase) (see p. 66? et scq.). The gran¬ 
ules are ejected by muscle contraction, and the. luminescence is extracellular, 
In those cojrejtmls showing photogenic capacity the source of the active 
agents which are expelled into the sea water arc small groups oi greenish 
secretory cells on various parts of the hotly, 

Many euphausids and shrimp possess rather highly, differentiated organs 
having a reflecting layer and lens associated with the fight producing cells 
(J"ig. 251, A), flu'se organs are distributed widely over the surface of the 
My. 1 he numerous organs appear coordinated through the nervous sys 
tern inasmuch as the sequence of their activity may, as in Kergesfes, 1 lor ex¬ 
ample, follow an antcrojHJSterior progression. Ihe deep sea shrimp, AiMilhi 1 " 
phyra purpurea, has, in addition to typical photophores (luminous organs) 
of the general type just described, glands near the mouth from which lumin 
eseent substances may Ire -forcefuilv ejected so as to permit the shrimp to 
escape from predators in a luminous cloud, 311 
Among the insects, luminescence is restricted tu ■ members of very few 
orders. A few species ofColhmhok have been dmihed to glow continu¬ 
ously, although varying in intensity with the state of excitation of the indi¬ 
vidual, 31 '- fil The larvae of the fungus gnat, Cemtoplmm, and of the tipulid 
fly, Mitophila, n have been described as luminescent, and in the latter spedes 
the adults are also. In these latter pies the light appears to be in the maipigh 
ian tubules. 8 " 
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Perhaps the most striking examples of light production in arthropods are 
to be found among the Coleoptera, specifically the lampyrids and elater- 
ids, 4,3i 8 In the “fireflies” or “lightning bugs” the photogenic organ is typ¬ 
ically located ventrally in the posterior abdominal region. The organ' is 
composed of two cellular layers, a ventral layer of light-producing cells and 
a dorsal or internal layer of "reflecting'’ cells. The reflecting cells contain 
minute particles of a purine base, probably urates. This layer is said to serve 
as a diffusing reflector for the photogenic cells, while simultaneously being 
a dorsal shield. The photogenic organ is richly provided with tracheal ves¬ 
sels which terminate in numerous tracheal end-cells. Nerves pass into the 
organ, 

Flashing of the firefly is controlled by the nervous system. One remark¬ 
able aspect of the activity of these organs, which indicates this, is the syn¬ 
chronous flashing of some tropical fireflies. 6 The fireflies normally flash at 
random, but may, when large numbers of individuals are assembled together, 
flash synchronously, or exhibit some coordination of activity in the assemblage 
through waves of flashing which proceed out rapidly from some individual 
of the group. 

The elaterid “Cucujo” beetle, Pyrophorus, of the West Indies has a pair 
of greenish luminescent organs on the dorsolateral aspects of the prothorax 
and an orange-yellow organ on the ventral aspect of the first abdominal seg¬ 
ment. The South American "railway worm,” Phrixothrix, possesses a reddish 
luminescence on - the head and greenish luminous spots segmentally ar¬ 
ranged along the body. 32 A North American species-of the related genus 
Pnengoaes (Fig. 252), in its photogenic organs resembles somewhat the 
bouth American species, except that it lacks the red head organ. The North 
American species has been reported to glow continuously, unlike most lum¬ 
inescent animals. 

Several species of myriapods secrete a luminous slime in much the same 
manner as the luminous- earthworms. A luminous pycnogonid has been de¬ 
scribed. 

The bivalve mollusc, Pholas, has a number of photogenic glands, which 
secrete into the siphon. 57 Some nudibranchs have distributed over the bodv 
iummescent cells which flash when the animal is appropriately stimulated. 83 
Ut the molluscs however, the cephalopods as a group show the highest 
development of this capacity, A large number show luminescence. In many, 
as for example, Loltgo the • luminous organs are open structures and con¬ 
tain luminous bacteria. In others, probably the majority, light is produced by 

iiifi? 1 ( !■' S 50 ' °" e s< l“ id ’ ^roLhil there i s an 

S™ 1 l “™ s .» r 8=n Which opens into the mantle cavity and expels a 
luminous cloud through the siphon when the animal is disturbed."' 1111 Some 
species oi squids, such as the firefly squid, Wtlasenm,“- have complex 
£“T. h 77? ”8 an! of the intracellular tvpe over the body, reach- 

21 h T lgh ,i , ° f t,lfferen ' iation i" such fep*l forms as Lyco Jrftis dia¬ 
dem In the latter as many as four different colors are produLl by the a 

nous luminescent organs present. 1 } 

A mi? P?™? 3 among the-echinoderms contain luminous species. 

bodv i luL ! SC kVe “” iCellular *8“ mattered over £ 

body, and luminesce in response to any disturbance of the animal. 


liiohmhmmict! 


m 

...Kf" am 7 ,l "‘ lllnr<ll ‘ te is nsttitml to the l .ml«h„r,i.„rt 
d id fishes. A luminous shine is produced, lur example, by sixths of Ikihmo 
fossils Among the tunicate, the best known example of a luminescent 
V "^ 11 S|,Wi< ’ S ' The w " a,u ‘* m »»n stimuliitiun, 

lit M V P r " 1C aCClvlt ' V s i ,TO,tls uut « mmm .« 

Light definitely operate as a stimulus in tin's spread of activity C one 

1 " ^ f ° ***** ’ lh » d* wave ,.1 
nity has been reported to pass Iron, one colony to another even when 

gk. walls separate the two colonies, Similarly, activity mav tie induced in 
a colony by using a light flash as a stimulating agent. 


A 



15 <: 


% 252. A female larva ot the beetle, l'he m «l<x A, Dorsal view It f 
U A lum.nmis specimen in darkness (lion, Harvey mf« 

and piemented mm l! t , f . U t d ° r K‘ ins VVi£ b lenses 

pigmented cups. In some fishes the appearance of light on stimulation » 
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slow. In Porichthys a latent period of 8 to 10 seconds is observed; then the 
li^ht lasts for about 20 seconds.' 1 " Injection ol adrenalin will activate the 
photogenic organs in this lisli arid in hchiostoum."’ 

Physical Characteristics of Animal Light. The intensity of light produced 
fry photogenic organs is relatively low. I he light ol a lirelly, Photimis, is 
the equivalent of 0.0025 to 0.02 candles; 11 that of the "ctteiijo beetle, 
0.0006 to 0.006 candiesT' Such values in candles do not give a good meas¬ 
ure of the brightness of the actual luminescing surfaces, since these values 
vary with the areas of these surfaces. Furthermore, since the surfaces are 
relatively small, the values are likely to suggest smaller values of surface 
brightness than are actually present. Also, since organ-sizes vary considerably 
from one species to another, the order ol brightness ol luminescing surfaces 
need not. parallel the order of light intensities. Surface brightness is ex¬ 
pressed in lamhnrts or miiliiamberts. Measurements of the surface brightness 
of a number of luminescing organs have given in general values ranging 
from 03 to 45 miiliiamberts. 

The color of the light produced by various photogenic organs of animals 
vary all the way from blue through red," 11,7 {here is not uncommonly it dii 
ferenee in the colors of light emitted from dilhaent organs in the same ani¬ 
mal. It is possible that in some cases these color differences are due to the 
presence of colored filters covering the luminous areas, hut in other eases they 
appear definitely due to differences in the basic light-producing reactants. 

Study of a number of species gives us reason to believe that the light 
emitted by any single organ shows a continuous spectrum spreading over a 
restricted region of the visible range of wave lengths. The spectral range for 
a number of animals is found in the following list modified from Harvey.*" 


Species 

Wove Lengths 

Chwtoptmis imignis 

550 440 my 

Photimis pyralis 

670 510 ni/t 

Pyrophoric: noctihtcm 

640-468 m/4 

Photuris pennsylvanica 

590510 m/t 

Cypridim kilgendarfii 

610415 m /4 

Phengodes laticollis 

650-520 m/4 


When one recalls that the range of wave lengths visible to the human 
eye extends from 760 to 400 nt/i it is evident from the foregoing table that in 
all of the common luminescent sjjcdes whose spectra have been examined 
the light produced is entirely within the visible range. Ultraviolet radiation 
has never been recorded for any photogenic organ. Furthermore, no signifi¬ 
cant infrared or heat radiation is produced; hence animal light is said to be a 
cold light, This fact has led to the popular notion that animal light is nearly 
100 per cent efficient. To determine the actual luminous efficiency of any 
light source, however, it is necessary to take into consideration the spectral 
energy curve for visibility of the particular organism for which the lumi¬ 
nous efficiency is being calculated. If the light were 100 per cent efficient for 
the human eye, all of the radiation would he at the wave length of maxi¬ 
mum sensitivity of the eye, For an eye with the spectral sensitivity char¬ 
acteristics of the human eye, the light of the firefly, Phaturis, is about 92 
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pier cent efficient, that of Phatinu s about 87 per cent." For the bluish light 
of (.ypridinu and Chaetupterus, die maximum emissions of which lie still 
further from the region of maximum sensitivity for the human eye, the 
luminous efficiencies are of the order of 20 per cent or less. However, all of 
these exhibit strikingly higher luminous efficiencies, of course, than does the 
carbon incandescent lamp, which approximates 0,5 per cent. We must al¬ 
ways hear iu mind that the luminous efficiencies would have more real com¬ 
parative biological significance if they were calculated in terms of the spec¬ 
tral energy, curves of sensitivity of the photoreceptive mechanisms of those 
species reacting in nature to these light, sources. 

lb Midmiism of l ight Production. The actual light-yielding reactions 
of animals have received considerable study. The solution of the problem of 
their general nature has been very much simplified through the discovery 
that these reactions will proceed in vitro iu a maimer superficially indistin¬ 
guishable from those proceeding in vivo. It has been known for many years 
that the luminescent cells or tissues ol certain animals or their products can 
Ire dried with a resultant cessation of light emission. -When water is again 
added the materials will again luminesce, lleme the final reactions are ob¬ 
viously not dependent on the vital organization of cells, although the pro¬ 
duction ol the s|ieei!ic materials which participate iu these reactions do have 
stnlt dependence. 

In addition to an aqueous medium, photogenic reactions of most animals 
require also the presence ol live oxygen. 1 his appears equally true, whether 
the reactions occur within the living organism or in extracts of dried prep 
arutions of luminous organs, It is true, however, that in some instances the 
necessary partial pressure ol oxygen is extremely small, The only critical ex- 
per minus which have indicated that luminescence can occur in tire com¬ 
plete abscnee til oxygen have been pci formed on certain radiolar'ians, the 
jellyfish, Pidiigut ami Acijuuivn, and eertaiii etenophores,**- ;il > :I1 One must 
conclude that in these animals either the reactions are basically different from 
those in most other animals or a source ol*oxygeu is available in the ma¬ 
terial ol the extracts. I he latter alternative appears the more probable, 

It was clearly demonstrated many years ago that the photogenic reaction 
in the beetle, Pyropfmus, u and in the mollusc, Phofos / 1 involved two 
organic substances. Ihesc were separated from one another by utilizing the 
characteristics (.1) that one substance was less heat stable than the other, 
and (2) that when the luminescent reaction had run its course some of one 
ol the substances, the relatively heat instable one, remained, The one that 
was relatively heat stable was named litciferiu, the other Ittdftw.' Lucikin. 
solutions could be obtained free (rout lueiferase hv extracting the luminous 
organs in hot water; lueiferase could 1st obtained free from lueilerin by ex¬ 
tracting the organs in cold water and Then permitting the extract: to luminesce 
to exhaustion. 

Lueilerin and lueiferase have also been identified in the polychaete worm, 
(hlmiwyllh,. in the ostraeods, ('yptidinti and Pymcyprk in the .'deep-sea .• 
shrimp, Aamthephym, and in several species d beetles, ^ ^ |» However, 
careful search has failed to reveal their presence as such in most other com- 
mon luminous groups. It is reasonable to assume that the functional counter- 
-parts of these substances are nonetheless present in these latter groups, 
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since there is a conspicuous similarity in the general properties of biolumi¬ 
nescence, wherever it occurs. 

The photogenic materials show a certain degree of group-specificity. Lu¬ 
minescence will result only when the luciferin and luciferase from the same 
or from two rather closely related species are mixed, as for example with two 
genera of fireflies, or two genera of ostracods. No light results on the mixing 
of these substances obtained from two widely separated genera in the same 
subphylum, as for example, the ostracod, Cypridina, and the decapod, Ami- 
thephyra, Similarly no light results when the two materials come from dif¬ 
ferent phyla. 

Very little is known as to the chemical nature of luciferin and luciferase. 
All studies indicate luciferase to be non-dialyzable and to show a number 
of properties characteristic of a protein. Such properties include heat lability; 
precipitation by alcohols, saturated ammonium sulfate, and alkuloidal rea¬ 
gents: destruction by proteinase; and induction of an anti-luciferase on in¬ 
jection into a rabbit . 33 Furthermore, careful study of the reaction kinetics 
of Cypridina luciferase shows it to have characteristics of a typical enzyme, 
although it will not oxidize an unlimited quantity of luciferin. The enzyme 
gradually becomes denatured. 

Luciferin appears definitely to he non-protein. It is dialyzable, indicating 
relatively small molecular weight. Cypridina luciferin is readily oxidized 
by numerous oxidizing agents, but yields light only when oxidized in the 
presence of luciferase (see exception below). Crude luciferin extracts arc 
readily and rapidly oxidized without luminescence in strong light, appar¬ 
ently, by a photochemical reaction. I his non-Iuminesccnt reaction is not 
observed in solutions of more carefully purified luciferin and luciferase, 
therefore it probably requires the presence of photosensitizers for its oc¬ 
currence. 

Just as there has been discovered no oxidizing agent which will, in the 
presence of Cypridina luciferin, produce light, so also has no substrate ex¬ 
cept luciferin yet been found which, on oxidation in the presence of hid 
ferase, yields light, 

The kinetics of the Cypridina ludferin-luciferase reaction have been care¬ 
fully investigated . 1 - 2 The reaction appears monomolecular. There is also 
a rather high temperature coefficient (Q 10 ) having an average value in the 
functional range of 2.74, lower at the lower end of the temperature range 
and_ higher at the higher end. The velocity constant of the reaction is pro 
portionai to the luciferase concentration. The total light emitted is pmpor 
tional to the quantity of luciferin, other conditions being equal. However 
the total amount of light is also influenced by the amount and type of salt 
content of the extract, the pH, and the temperature of the medium, The ef- 
hciency of light production in terms of units of luciferin decreases as the tem¬ 
perature rises from 18 to 28° C. 

When luciferin and luciferase are first mixed in an oxygenated medium 
there is an initial flash of light, too intense to fit smoothly with the general 
curve of decay of the luminescent reaction which follows. The time re 
quired for the intensity of the flash to reach a maximum is longer (0.03 see.) 
when luciferin and luciferase are mixed in an oxygenated medium than when 
oxygen is added to an oxygen-free and hence non-luminescing mixed solu- 
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.strong support to the view that .the actual light-emitting molecule is the 

luciferin. 

All our present knowledge of the properties of the bioluminescent process 
appear capable of fitting into the following scheme of reactions. 43,46 

Let A stand for luciferase, LH 2 for reduced luciferin (max. absorption, 
435 uiii) and L for its oxidation products (max. absorption 465 m/t), L* 
tor excited luciferin, L| for destroyed luciferin, and X for an unknown 
donor, possibly glucose. 

1. AL + v» : - AT » + X 

2. A + LH V ,,, .. l A LHa 

3. ALH, -f 0.- _i ALH + HO, 

4. ALH — ^± AL- + H+ 

5a. AL' + LH->AL* + LH‘-> AL + LH" + hv 

5b. AL" + LH-*AL + LH~ 

5c. AL" + LH-i*ALi + LH" 

6. ALH + 0,-► AL + HOs 

7. AL + Os->AL, 


Essentially the same reactions, with the exception of reaction 2 , also appear 
to proceed in the absence of A, but their rates, especially that of reaction 5, 
are such that no light is then produced. 

It is readily apparent from the foregoing scheme of reactions that only 
reaction 5a is the actual light-emitting one, but that this reaction is de¬ 
pendent on, or associated with, a number of other reactions which bv them¬ 
selves are dark reactions. The whole problem at the moment appears now 
to be in such a state that one cannot say with finality whether it is lucifer 
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Fig. 253. Changes in the absorption spectrum of luciferin: A, during oxidation with 
Han - X ' n A curves H through N were obtained after 9, 20, 30 39 49 455 and 
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ase, luciferin, or possibly an unidentified third constituent which is the actual 
light-emitter. Furthermore, some characteristics of the bioluminescent reac- 
tion so differ among species, for example between Cypridina and fireflies, 
that it would appear that a final detailed explanation for one would prob¬ 
ably not be a complete explanation of the other. 

There is very good evidence that phosphate is liberated during the lu¬ 
minescent reaction . 48 This suggests that energy-rich phosphate bonds are the 
sources of the energy liberated, as has been demonstrated for muscle meta¬ 
bolism. 

Variations in electrical potential in light organs have been described as 
accompanying light production in some fireflies. 88 - In adults, which 
show a flickering light, there is a rhythmical potential variation; in larvae, 
lacking a flickering character of light, there is a single, long-duration, po¬ 
tential variation. The former type of response is correlated with the pres¬ 
ence of tracheal end-cells; the latter, with their absence. 

. The < J m001 of Bioluminescence. Among animals the production of light 
is typically not a continuous process. Light is usually produced intermittently 
m response to external stimuli, This fact is of such generality that, when an 
animal appears to have continuous luminescence, it can usually be assumed 
hat this is the result of the presence of symbiotic, pathogenic, or transient 
luminescent bacteria within or upon that animal. 

The means of control of light production in animals are fundamentally 
of three types. The first two are observed in extracellular luminescence. In 
those instances where luminescent materials are expelled from a photooenie 
sac into the surrounding sea water on stimulation (as in the cephalopod. 
Heteroteuthis the ostracod, Cypridina, and the shrimp, Acanthephyra), the 
control is indirect and operates by means of typical neuromuscular mechan- 
isms. On the other hand, a slightly different situation obtains in thoseorgan¬ 
isms which can secrete a luminescent slime over the surface of the body, 
buch animals include the luminescent earthworms, Chaetopterus, myriapods 
many coelenteratcs, and the clam, Pkolas. In these there is a control of n 
secretory process by direct nervous, or possibly also, in some cases, endocrine 
excitation. The third general type of control applies to those numerous ani¬ 
mals where the luminescence is an intracellular phenomenon. This is ob¬ 
viously the situation in such well-known animals as Noctiluca, the insects 
and certain fishes. Here we have to do with some mechanism whereby ex¬ 
citation of the luminescent cell results in the contained photogenic sub¬ 
stances bang ^permitted to interact. The interaction may possibly come about 
either through rapidly making small quantities of one of the two essential 
photogenic reactants available to the other within the cell, or through tem¬ 
porarily rendering the milieu favorable for the luminescent reactions. The 
latter might occur through control of oxygen, water, hydrogen ions, etc. We 
can at present do little more than speculate on the means by which the ani- 
mai can, m response to stimuli, give very brief and intense flashes of light 
which vie in rate of development and decline of intensity with the best of 
incandescent lamps. 

. jlj muiticeliuiar organisms the flashing is typically associated reffatly with 
tacofe or photic receptors. The reflex pathways may involve the nervous 
system alone, or both nerves and endocrlnes. In the coclenterate, Rmlla, the 
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spread of luminescence over a stimulated animal proceeds in all directions 
at a rate characteristic of nerve-net transmission.*" In the etenophore, Mrm 
opsis, the tactile receptors involved in reflex light production lie along the 
rows of ciliated combs,* 1 

Most studies of the control of luminescence have concerned fireflies. 
Among other stimuli, visual cues normally excite a responsive flash in these 
insects. The photogenic organ is innervated, but it is not definitely estab¬ 
lished whether the nerve supply goes to the photogenic cells proper or to 
the tracheal endings within the light organ. In the latter case, the nerves 
might be supposed to innervate a complex valve mechanism located in the 
tracheal end-cell, 

Two general types of theories for the control of flashing in the firefly 
have been advanced. The first type presumes that the (lash depends on the 
rapid and transitory admission of oxygen to the photogenic cells. 'This is 
considered to be brought about either by direct nervous control of valves iu 
the tracheal end-cells or by means of a stimulated increase in the metabnlms 
in the photogenic tissue and a consequent osmotic withdrawal of water from 
the terminal portion of the tracheal tubules with the result that oxygon 
would be brought directly to the glandular dements. The presence of oxy ¬ 
gen would then permit an oxidation of the metabolites, again reducing the 
osmotic pressure of the cell contents, and permit restoration of water to flu 
tubules and exclusion of the oxygen. In support of an oxygen control meeh 
anism is the fact that microscopic observations of a luminescing gland 
shows the brightest light to come from the immediate vicinity of the ends of 
the tracheal tubules. An end-cell valve mechanism is not' essential, how 
ever, since some insects, especially larvae of fireflies, which show at least 
some degree of intermittency in light production, even though not true 
flashing, do not have differentiated tracheal end-cells. 

The second general type of mechanism postulated is found in numerous 
other animals which also flash, although they possess no tracheal mechanism, 
This is a direct nervous excitation of the light-producing cells through photo¬ 
genic nerves. 

In the fishes, Porichtkp and hchmtoma, there is some evidence that the 
normal reflex pathways of control of the system of photogenic organs in¬ 
cludes the secretion and action of the hormone adrenin. 

, JJere , havc beei1 a number of observations indicating that bright h in 
inhibits the production of light by animals^«.» although in most vises 
we know little or nothing of the mechanism of this inhibition. It may result 
as some evidence indicates for ctenophores, from a direct destruction «f 
photogenic material within the light producing cells. In these animals ex- 
tracts made from specimens exposed to sunlight show practically no capacity 
~ f Urt i e \ more ’ a/ 1 ® 1 exposure to bright light these organisms 
have to be kept m darkness often for as long as 45 minutes before thev will 
again luminesce, ' 

There have, on the other hand, been numerous reported observations of 
the existence of a diurnal rhythmicity in the capacity of certain species of 
animals to luminesce. Such a rhythm has been described to persisffor sev 
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Other well established cases of the use of light production as mating sig¬ 
nals have been described for various species of fireflies. 5 In many species 
the females, which may even be wingless, remain in the grass while the males 
fly about, The females signal in response to the flashing males, which then 
fly toward the females. The various species differ in characteristics of their 
flashing, such as in the frequency, total number of flashes, color, intensity 
and duration of each flash, etc. The female responds in a characteristic 
manner to a flashing of the male of the same species. The female of Pho- 
iinus, for example, always flashes about two seconds after the flash of the 
male. The male continues to respond to the females until the two sexes have 
met. The attracting light response of the female can be imitated bv use of a 
flashlight which is operated to flash with the temporal characteristics of a 
typical responding female for a species. 

Numerous other suggestive examples of a role of luminescence in the 
mating reactions of animals have been described, but most of them require 
more convincing descriptions, or experimental study, before they can be 
definitely accepted as such, However, inasmuch as it is difficult to imagine 
any functional significance of bioluminescence in bacteria or fungi, we 
probably can assume that bioluminescence in many animals, especially lower 
ones, is fortuitous and of no survival value. In these instances light may 
have appeared as a by-product associated with oxidative metabolism. 
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Chromatophores and Color Change 


| INTRODUCTION 

I HE ability to change color through movements of pigments within 

I certain integumentary cells or organs is widely distributed among 
JL animals. It has been observed for numerous fishes, amphibians, and 
reptiles among the vertebrates; among the invertebrates it is exhibited by 
many higher crustaceans, cephalopods, and leeches, and a few insects, 
echinoderms, and polychaetes, A comparable activity has been described 
for a euglenoid protozoan. The spectacular color changes of the chameleon 
between black and green and the rapid color changes of the octopus were 
described as early as the fourth century b.c. by Aristotle, and those of fishes 
were described somewhat later by Pliny, .who observed the changes of the 
dying mullet. The first changes recorded in amphibians were in the frog, 
and those in crustaceans were in the prawn, Iiippolyte, 100 The relatively 
rapid color changes in the cephalopods were early demonstrated to be due 
principally to the activity of special organs in the skin, to which the name 
cromofora was given. Later, the movements of pigments in special integu¬ 
mentary organs were shown clearly to account for color changes in the 
chameleon, 117 the frog,** fishes, 170 - 8,1 and crustaceans. 157 These special organs 
have come to be known as chromatophores. 

Briicke' 18 made studies on the physiology of color change in the chameleon; 
Pouchet, u V HI ' in crustaceans and fishes; and Gamble and Keeble, 50 - iiH ' H, *> 
11,1,1,1 in crustaceans. All these early investigators concluded that the chroma- 
tophore systems were under the control of the nervous system or responded 
directly to the action of environmental stimuli on the chromatophores. The 
possibility of a role of hormones in color changes was suggested first bv the 
discovery that the injection of adrenalin blanched frogs. 107 The early work 
on chromatophores has been thoroughly reviewed in the extensive accounts 
of van Rynberk 1 "*' and Fuchs, 5 ' 1 Later general summaries include those of 
Hogben 71 and of Parker. 1 - 4 ' 140 More recently many other reviews have em¬ 
phasized restricted aspects of the subject, 

CHROMATOPHORES: STRUCTURE AND METHODS OF ACTION 

Chromatophores are special pigment-cells located in the skin or often even 
in certain deeper tissues of the body of an animal. Chromatophores possess 
the ability to bring about redistributions of their pigment in such a manner 
as to influence the general coloration of the animal. A pigment that is con¬ 
centrated into a small hall (punctate) contributes little or nothing to the 
gross coloration of the individual, whereas its dispersion to cover a larger 
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surface (reticulate) results in its imparting its tint to the animal. The fore¬ 
going mechanism of action (concentration and dispersion of pigment) is 
referred to as physiological color change. The chromatophores mav also in¬ 
fluence the coloration of an animal through their accumulation or production 
of pigment or their loss or destruction of it. This mechanism of action is 
known as morphological color change. 

Physiological Color Changes. Chromatophores are of two major types. 
One type is seen among the cephalopod molluscs and is a complex organ 
with a pigment-containing component, the changes in form of which result 
from the activity of numerous radially-arranged smooth muscle fibers acting 
synchronously (Fig. 254). The second, more common type, is found in 
most color-changing species. It comprises a single cell or small syncytium, 
usually of highly branched outline, and within which pigment distribution 
is altered by streaming movements. 





Fig. 254. The cephalopod chromatophore with a, pigment concentrated and b, 
pigment dispersed. From Bo/ler, 1 " 

The chromatophores of the cephalopods are highly organized groups of 
cells. Each comprises a central uninucleate cell filled with pigment and pos¬ 
sessing a highly elastic cell membrane." 1 Radiating out from the central ceil 
m the plane of the skin are from 6 to 20 or more uninucleate smooth- 
muscle libers. All the fibers of a chromatophore usually contract simultane¬ 
ously, stretching out the small, spherical, central, pigmented cell into a disc 
having a diameter fifteen to twenty times that of the original sphere. The 
spherical form is restored by the elasticity of the membrane of the central 
pigmented cell after relaxation of the radiating fibers. A single nerve-fiber is 
said to supply each muscle fiber," its terminal arborizations disperse broadly 
ovei the surface of the muscle. No motor.end-plates are present, and curare 
is reported to be ineffective in blocking nervous activation. The muscle fibers 
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Little or nothing is known about the chemical nature of the pigments of 
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By means of their special type of ehromulophorcs the eephiilopods are 
able to show more rapid color changes than other animals. 

In animals other than the cephalopods, the chromatophores are single cells 
(e.g., in most vertebrates) or closely associated groups of cells or syncytia 
(e.g., in crustaceans). These were once thought to lie ameboid cells, con 



Fig. 255. A series of photographs of a single white rluouuitopliuro of I'ulm’mut'lrs as 
its pigment fully concentrates in response to a black background, and then fe-tlisjieri.es 
on return of the animal to a white background. From Brown/' 1 

traction ol whose processes resulted in a concentration oi the pigment mass 
into a small sphere, and whose extensive pseudopodial production resulted in 
a broad dispersal of the pigments. Now it is generally considered that the 
chromatophore has a permanently arborizing form, and that the pigment 
granules either become concentrated into the chronuituphurc center to form 
a punctate mass or become dispersed to varying degrees through the in¬ 
tricately branching structure"” to impart color to the macroscopic appear¬ 
ance of the animal. Matthews and others have reported observing branches 
of chromatophores whose pigment was in the punctate condition, Also sup¬ 
porting this view has been the demonstration of the striking similarity, even 
to the minute terminals of a chromatophore, after pigment dispersal on tvvo 
different occasions- 11 - IMI (Fig. 255). 

In typical,details of form, pigments, and reactions, however, each ani- 
mal, species, or group has its own chromatophoral peculiarities. Cliramato- 
phores arc known as monochromatic, dichromatic, or polychromatic, tie-' 
pending on whether they possess one. two, or more kinds of pigment. The 
crustaceans commonly possess di- or polychromatic chromatophores,' with each 
pigment typically dispersing out into its own processes ami, when con¬ 
centrated into the chromatophore center, possessing its.-own distinct indi¬ 
viduality. In fact, in the responses of the crustacean chromatophore 'system 
to colored backgrounds the several pigments within a single: clminiatopliore 
may show a considerable degree of independence of one another.-'- ^ 1,7 
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In insects the epidermal cells themselves serve as functional chromate- 
phores. During darkening of the skin the dark brown-black pigment within 
these cells migrates from small concentrated masses below an evenly dis¬ 
persed yellow and green pigmented layer to a more superficial position, 
where it disperses (Fig. 256). The red pigment in skin darkening disperses 
from small spherical masses to form a continuous sheet of pigment , 60 Thus 
the forces which operate in pigment concentration and dispersal in chroraa- 
tophores in general are apparently of such a nature as can operate within 
the limits of more conventionally shaped cells. Migration of a red hemato- 
chrome pigment in Euglena, from a deeper position in the body internal to 
the chloroplasts to a dispersed, superficial position, results in a green to red 
color change in response to elevated light intensity. 84 - 8B 
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fibre processes to a position superficial to the inert light-colored layer, there- 
by concealing the latter 17 ' 63 (Fig. 257). 

The rate of physiological color change is limited by the rates of mechanical 
response of the effector organ and of its controlling mechanism. There is, 
however, great variation in such rates among animals. The squid is able to 
carry out maximum color change in a matter of seconds, as is also the squir¬ 
rel-fish, Holocentrus . A few minutes suffice for maximum color change in 
the minnows, Fundulus and Lebistes. From one to several hours are needed 
by many crustaceans, insects, and the catfish, Ameiurus, and days are re¬ 
quired for comparable maximum changes in the flatfishes, the eel, Anguillula, 
elasmohranchs, and amphibians. 

A number of methods have been utilized in the measurements of physio¬ 
logical color changes. These have been critically reviewed by Parker. 139 None 
of the methods permit complete differentiation between influences which 
are in part the result of the morphological color changes and those which 
are purely physiological. Instead, the measurements are generally based on 
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In conjunction with both of the preceding groups of methods, technics 
have often involved photomicrography 137 or the rapid (often heat) fixation 
of the animal for more leisurely analysis later, using temporary or perman¬ 
ent skin preparations. 38 ’ 200 

Morphological Color Changes. Morphological color changes involve the 
accumulation or chemical production or the destruction of pigment within 
the chromatophores. In the normal adaptive color changes of animals, phy¬ 
siological and morphological color changes proceed .simultaneously. The 
morphological changes may result in both an increase in the amount of 
pigment within each pigment cell and an increase in the number of func¬ 
tional chromatophores per unit area of skin. 22, 120 Quantitative studies of 
morphological color changes have correspondingly involved two types of 
technics: (1) the determination of changes in the number of functional 
chromatophores per unit area of surface, and (2) the determination of 
changes in the total pigment content of the animals by chemical extrac¬ 
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Fig. 259. A ; Graph showing rate of loss of red pigmeift from the bodies of Paiaemonetes 
kept on a white background. B, Graph showing increase in quantity of red pigment in 
the bodies of animals kept on a black background. From Brown. 22 

tion and colorimetric determinations of pigment quantity in the extracts 190 
(Fig. 259). This whole subject has been ably reviewed for vertebrates 
by Sumner, 186 and in general the situation among invertebrates seems to pre¬ 
sent a quite similar picture. 

There appears to be a close functional relationship between physiological 
and morphological color changes. A correlation between the two has been 
noted by many investigators. 00 - 12 Maintained concentration of a pigment 
within a chromatophore seems usually to be correlated with a reduction in 
quantity of that pigment, and, conversely, pigment dispersion appears asso¬ 
ciated with the pigment production. The expression of this relationship has 
sometimes been referred to as Babak’s law. 13 It would appear either (1) that 
pigment formation or destruction resulted from the state of dispersion of the 
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pigment, or (2) that both physiological and morphological color changes 
were effected in a parallel manner by the same controlling mechanisms! ' The 
latter idea seems to be more prevalent, especially in view of the fact that the 
process may even involve the production of new chromatophores. 

There is some reason for postulating that morphological color changes are 
more primitive than the physiological changes. Color changes by this method 
appear to occur in numerous species which are known to show no physiolog¬ 
ical color changes, as for example in certain spiders 55 and insect larvae. 150 5 

COLOR CHANGES IN ANIMALS 

The chromatophore system of animals is influenced by a number of factors. 
We shall discuss briefly some of the more prominent of these. 

, T^perature. Temperature appears to have little influence on the .colora¬ 
tion of animals. Within wide limits of normal temperatures, the coloration 
is determined by other factors. Elevation of the temperature of the reptile 
into the 35-45° C, range, however, usually results in a contraction of the 
dark pigment, with consequent lightening of the animal. 134 Low tempera¬ 
tures, of about 1 to 5° C., usually induce darkening. Among the inverte¬ 
brates on the other hand, the situation is not as uniform. The shrimp, Mac- 
Tobrachmi, darkens at both high and low temperatures, 173 as does also the 
isopod, Idothea , 115 Hippolyte , on the other hand, has been described as 
blanching at high and low temperatures, 58 

Humidity. Color changes in the walking-stick Dixippus are influenced bv 
change m humidity, High humidity induces darkening. 58 

Tactile Stimulation Iri general, tactile stimulation seems to have only lit¬ 
tle influence on the chromatophore system. It was once believed that the 
cok changes of the tree-frog were to a great extent response to the texture 
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the state of the chromatophore system of animals is light, and in the great 
majority of animals the method of action of the light involves principally 
the eyes, central nervous system, and various types of efferent pathways, ner¬ 
vous, hormonal, or both. The importance of the eyes is clearly manifested in 
observing the immediate cessation, or great change iii character, of color 
changes on the blinding of the animal. Color changes which are controlled 
by way of the eyes are known as secondary responses, in contrast with pri¬ 
mary responses, which are those proceeding under the influence of light 
through routes other than the eyes. The latter may involve either a direct 
action of light on the chromatophores or an influence of light operating re¬ 
flexly on the chromatophores through extra-ocular receptor mechanisms. 

Secondary color changes dominate the situation in most adult animals. 
Through a. wide range of light intensities these changes do not result from 
changes in the total quantity of light striking the eye, but rather they are 
determined by the values of the ratios of the amount of light directly strik¬ 
ing the eye from above to the amount of light reflected from the background 
on which the organism resides. On an illuminated black background where 
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Fig. 260. A, Relationship between the log of the incident light intensity and the 
average diameter of the melanophores of the minnow, E ricymha. B, Relationship between 
the ratio of incident intensity to reflected intensity striking the eye and the average 
melanophore diameter. From Brown. 25 


the ratio, is large, the animal becomes dark, and on an illuminated white 
background where the ratio is small, the animal becomes pale, irrespective of 
the total illumination. It can be shown that there is a good direct correlation 
between the value of the ratio of incident light to reflected light reaching 
the eye of the animal and the degree of black pigment dispersion 25 ■ 101 (Fig. 
260, B) or the amount of melanin formed in melanophores, 186 ' 189 and, fur¬ 
thermore, that neither of these melanophore responses varies significantly 
with variation in intensity within a wide range of total illumination. 



686 


Comparative Animal Physiology 


Adaptive morphological color changes in response to background have also 
been reported for the chromatophores of crustaceans 15, 22 and for melano¬ 
phores, 187 lipophores, 1 and guanophores 188 of a number of fishes. Functional 
melanophores have been induced to form on the normally unpigmented ven¬ 
tral surface of flounders either by placing normal fish in black tanks illum¬ 
inated from below, or by blinding the animals and illuminating them from 
below. 122 

The influence of a black background may be simulated in many animals 
by opaquing the lower half of the eye. This has been demonstrated for the 
walking-stick, Dixippus, 10 ' 151 the shrimps, Palaemonetes 85 and Leander,™ 
and teleost fishes. 40 

The character of the influence of light in the secondary color responses of 
animals is obviously one especially adapted to provide the animal with a 
certain degree of protective or obliterative coloration with respect to its back¬ 
ground. As might be anticipated, the function appears in general better de¬ 
veloped in animals which are bottom dwellers, or which spend much of 
their time quietly attached to objects, than in forms which are more freely 
mobile. 

The adaptation to color of background is in many instances by no means 
restricted to simple blanching and darkening on white and black back¬ 
grounds, respectively, Adaptations of the prawn, Hippolyte, to many colors 
and tints of background were described many years.ago. 88,118 More recently 
it has been shown that Crago will change its coloration to match red and 
yellow backgrounds, in addition to black and white. 97 Palaemonetes has been 
shown to change its color within a few days to accord with black, white 
red yellow, blue, or green backgrounds 23 The crab, Portmus ordwayi, adapts 
to black, white, red, and yellow, 2 as does also Planes.™ The cephalopod, Se- 
pa, becomes green on a green background and yellow on a yellow one. 102 

Some of the most striking examples of color adaptation in vertebrates are 
seen m flatfishes, The changes in the flounder Paralkhthys alhiguttus on red, 
green, yellow, and blue backgrounds have been described. 104,110 This fish' 
moreover, is able to simulate rather strikingly the color pattern of the back¬ 
ground, thus rendering its protective coloration even more effective. Many 
other te eosts and amphibians are able to show yellow tints in response to 
yellowish backgrounds. 

These adaptations to color of background are the results of appropriate 
differential movements of the various pigments within the chromatophores, 
supplemented by morphological color changes to reinforce these physiological 
ones, In these activities the animal may show the capacity for inducing 
c anges in the distributions or amounts of its various pigment types more 
or less independently of one another, thus indicating complex mechanisms 
of chromatophore control. Species may be limited in the colors of back¬ 
ground to which they can adapt themselves, through lack of suitably col- 
Crago lacks blue pigment and hence is unable 
adapt either blue or green. Palaemonetes, possessing red, yellow, and 

anv ir e 1% Can ’m y i W e , pi 8 ment m a nipulation, become almost 
? T 0 ’ 1 ,ng blacL 0n the other hand, some species possess pigments 
of particular colors yet appear to show no ability toQapt to backjounds 
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of those colors. An example of this is seen in Dixippus, which is apparently 
unable to become reddish, despite the possession of a red pigment in its 
integument. 

It is obvious, from the foregoing descriptions of color-adaptive ability, 
that the function of the eyes in their association with the chromatic mechan¬ 
ism is differentiated not only in the dorsal and ventral portions but also to 
the extent that lights of different wave lengths are distinguished by that por¬ 
tion of the retina stimulated by the reflected light to produce specific chroma¬ 
tophore activities. 

The primary color responses of most adult animals are moderately well 
subordinated to the secondary. In the typical adult organism they are best 
made evident through blinding the animal. Many animals are able to show 
considerable dispersion and concentration of their pigments in light and 
darkness respectively, after blinding, but there is no longer any response to 
the background. Examples of this latter behavior have been described within 
all the major animal groups which exhibit color changes. The degree of in¬ 
fluence of the primary responses, relative to the secondary responses, appears 
to vary from species to species or even among the various pigment types with¬ 
in a single species. 

The most general mechanism of primary response is one of a direct influ¬ 
ence of light on the chromatophores, In this response the chromatophore 
acts as an independent effector. Primary responses of this character have 
been observed in (1) vertebrate chromatophores after complete denervation 
of the pigment pells resulting from nerve transection and degeneration, (2) 
localized light responses in species whose chromatophores are normally not 
innervated, and (3) in young specimens whose chromatophores have not 
} ? et come under the control of a typical secondary mechanism. 

Color changes in response to light may be reflexly induced in the absence 
of eyes. It has been shown for Phoxinus that, the midbrain is a receptive 
mechanism for this response. 158 The pineal body has been reported to be a 
receptor organ in the pigmentary response of Lampetra larvae, 202 with the 
eyes dominating this response in the adult. 

The majority of adult animals showing color change have their coloration 
correlated within wide ranges of illumination with background color rather 
than with general intensity of illumination, In the total absence of light 
there is typically a blanching of the animal, but often not to the extent ob¬ 
served in response to an illuminated white background. Some species, such 
as Crago and Xenopus, become intermediate in shade through partial dis¬ 
persion of their melanin. It has been shown for the minnow, Ericymha, that 
upon a black background there is no influence of amount of illumination on 
the coloration as long as the illumination is higher than 1.75 foot candles; at 
illuminations below this value the average diameter of the melanophores is 
a linear function of the logarithm of the incident light, down to 0.00053 
foot candles, which has the same influence as complete darkness 25 (Fig 

260, A). 

Diurnal Rhythms. Another important factor operating in the control of 
chromatophores in many animals is a persisting diurnal rhythm. Many spe¬ 
cies of animals continue to show their characteristic night-day color changes 
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even when kept under constant conditions as regards illumination, espe¬ 
cially in constant darkness, Such rhythms may persist for considerable 
lengths of time, ldothea kept in total darkness has shown the 
rhythm to persist at least 8 or 9 weeks. 115 In Uca, the diurnal rhythm 
whereby the animals pale by night and darken by day 7,8,1 is so strong that 
only slight color change is induced by variation in background or illumina¬ 
tion. 83 Some interesting characteristics of the rhythmical mechanism con¬ 
trolling Uca chromatophores have been reported. 311 "' 11,3,1 Similar rhythms have 
been found among vertebrates such as Lampetra,' m Phoxims, salamander 
larvae, frogs, Phrynosoma, m and the chameleon. 203 

In some instances where the diurnal changes are normally masked by re¬ 
sponses to illuminated backgrounds, an underlying influence of the rhythm 
may be evident in an increased rapidity of those responses which tend to 
support, and the sluggishness of those which tend to antagonize, the par¬ 
ticular phase of the rhythm at that moment. Thus many animals more 
readily adapt to an illuminated white background during the night phase 
and to an illuminated black one during the day phase, or show corresponding 
differing susceptibilities to injections of chromatophorotropins in the night 
and day phases. 

FUNCTIONAL ORGANIZATION OF CHROMATOPHORE SYSTEMS 

Annelids. Certain annelids become pale in darkness and dark when illum¬ 
inated. This has been observed for the polychaete, Nereis dumerilii , 67 and 
the leeches Piscicola geometra , 82 * 83 Protoclepsis tessellata/ 8 * Hemiclepsis 
marginal # 82 ’ 83 Glossiphonio complanata, 82 ' 83 > 109 and Placohdella parasitica 
and P. rugosa, 112 In no case has there been demonstrated any response to 
color of the background. 

The rhynchobdellid leech, Placohdella parasitica, a common parasite on 
turtles of the central United States, possesses three types of pigment cells. 
These pigments contribute to the mottled brownish and white coloration 
shown by these animals. The amount of white varies considerably from 
specimen to specimen, ranging from the greater part of the dorsal surface 
to a few minute lateral papillae and a short median line, both restricted 
to the anterior half of the animal. One type of pigment cell containing a pale 
yellowish, granular pigment occupies the characteristic longitudinal mid¬ 
dorsal stripe, the numerous light papillae, and segmental blocks along the 
margin. These cells show no physiological responses. Distributed over all 
the darker areas of the body are relatively large chromatophores con tainin g 
dark greenish pigment. This latter pigment participates in physiological 
color changes. Another pigment, reddish brown, is also located within func¬ 
tional chromatophores. These last chromatophores are much smaller than 
the greenish ones and are located more superficially. The green pigment is 
alcohol-soluble; the reddish brown pigment is alcohol-insoluble. The Eu¬ 
ropean leech, Protoclepsis tesselata, possesses three pigments: brown, green, 
and yellow. The Mediterranean polychaete, Nereis duwerlii, possesses chro¬ 
matophores containing yellow and violet pigments. 

The leech Placohdella parasitica, like other annelids showing physiological 
color changes, blanches in darkness and darkens when illuminated. The 
time required for the greenish pigments, which are predominant in these 
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changes, to complete their concentration in darkness or dispersion in light 
is approximately one hour. 

There are several types of evidence all pointing to nervous control of the 
green chromatophores. Decapitation or any other transection or injury of 
the nervous system results in a darkening of pale animals kept in darkness. 170 
This darkening may persist for many hours. If a uniformly pale leech in dark¬ 
ness is stimulated faradically at either the anterior or posterior end the 
whole animal darkens. If, however, the experiment is repeated with a speci¬ 
men whose nerve cord has been transected in the middle, only that half of 
the animal receiving the stimulus darkens, the body beyond the point of 
transection remaining light. The experiments furthermore give little evidence 
for direct action of light on the chromatophores. 

The two eyespots at the anterior end appear to play an active but by no 
means an exclusive role in the responses. Decapitated specimens show the 
characteristic changes even though responding more sluggishly. When speci¬ 
mens are brought from darkness into light and one half of the body is im¬ 
mediately covered with opaque paper, the covered portion remains largely 
in the dark-adapted phase while the uncovered portion becomes com¬ 
pletely light-adapted. The results are more striking when the posterior end 
is covered than when the anterior end is. These experiments suggest a role of 
generally distributed photoreceptors operating through segmental reflexes. 

The reddish brown pigment of Placohdella parasitica appears to respond 
independently of the green and shows no predictable responses to background 
or to light intensity, Its condition is more or less variable in normal speci¬ 
mens. When dispersed it can usually be made to concentrate by intense 
stimulation of the animal. In animals with transected cords, the response to 
electrical stimulation, when it occurs, passes as in the case of the green 
cells, only to the point of transection, Thus it would appear that the ner¬ 
vous system controls the reddish-brown chromatophores directly, but that 
excitation induces concentration rather than dispersion, as in the case of 
the green. 

Echinoderms. It was reported many years ago 195 that the Mediterranean 
sea-urchins, Arbacia pustulosa and Centrostephanus longispinus, became 
lighter in color on transfer from light to darkness. These observations have 
recently been confirmed. 04 Illuminated Arbacia pustulosa are blackish in 
color whether on a white or on a black background, but in darkness become 
brown in color. Centrostephanus longispinus, which are dark purple in light, 
change in darkness to gray. The color changes require about one or two 
hours for their completion. Microscopic examination of tube feet removed 
from light-adapted and dark-adapted individuals show numerous reddish 
brown chromatophores with their pigment dispersed in the light-adapted and 
concentrated in the dark-adapted individuals, The color changes in these 
urchins therefore appear to be due to the movements of pigments within 
definite chromatophores. The chromatophores of isolated tube feet which 
have been mounted on a microscope slide respond to illumination and dark¬ 
ness in the same manner as when they are present in the intact animal, in¬ 
dicating that the chromatophores are responding’to the light either directly 
or by way of local reflex pathways comparable to those known to function 
in the locomotor movements of the tube feet. 
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The American species of Arhacia, Arhacia punctuiata, appears to show 
no color changes comparable to those just described. 125 

Cephalopods. Many cephalopods show remarkably rapid color changes as 
a result of the activity of their peculiar type of chromatophores. These changes- 
may result from many different types of stimuli, but light is one of the most 
important. 

The chromatophores are primarily controlled by the nervous system. Cut¬ 
ting a nerve innervating a particular region of the body results in an immedi¬ 
ate cessation of all color changes in that .region. It was shown long ago that 
after a mantle connective is cut 48 there is a paralysis of the chromatophores 
of the corresponding half of the body and a consequent blanched coloration. 
Since the connectives between mantle ganglion and the chromatophores are 
still intact it is obvious that the ganglion contributes little to the control by 
itself, and that the normal control over the responses resides in higher cen¬ 
ters of the nervous system. The cerebral ganglion of the brain appears to 
possess an inhibitory center for the chromatophore system; 146 - 147 - 164 after its 
destruction or inactivation there is tonic expansion of the chromatophores. 
The inhibitory center is believed to operate through control of a color cen¬ 
ter 165 located in the central ganglia, which in turn operates through motor 
centers found in the subesophageal ganglia, The motor centers each control 
the chromatophores of the corresponding halves of the body. 

The eyes are the chief sense organs influencing the central nervous cen¬ 
ters. Bilateral blinding does not eliminate changes of color, but the changes 
which then occur are in no sense adaptive changes. If only one eye is 
blinded, the responses of the chromatophores on the corresponding side of 
the body are diminished. 

Another significant source of influence on the color-control centers are the 
suckers on the arms. If these are all extirpated there is a considerable loss 
of tone in the chromatophores and hence skin lightening occurs. 183 Removal 
of both eyes and suckers, however, does not entirely eliminate the chromato¬ 
phore responses. After such an operation vigorous stimuli will still result in 
color changes, probably as a result of stimulation of 'tactile organs, organs 
of equilibrium, etc. 

The chromatophores of the side of the animal that is lowermost, when 
the animal is in contact with the substrate, always are more contracted than 
those of the remainder of the body. 185 This is not a direct influence of il¬ 
lumination as one might first suspect, for it cannot be reversed by illumina¬ 
tion from below instead of above. Rather, it appears to be part of a postural 
response involving stimulation of tactile receptors reflexly through the cen¬ 
tral nervous System, resulting in the localized chromatophore contraction. 

The substances tyramine and betaine are known to be present in the blood 
of cephalopods. The former, like adrenalin, increases the tonus of the motor 
centers, resulting in a darker coloration. 166 Betaine, on the other hand, 
like pilocarpine or acetylcholine, appears to decrease the chromatophore 
tone by stimulation of the inhibitory center. If one transfuses blood from a 
characteristically darker species, such as Eledone or Octopus macropus, into 
a lighter 0. vulgaris, the latter darkens. 187 Interconnection of the circula¬ 
tory system of the two will yield comparable results. Tyramine is known to 
be more Concentrated in the blood of these darker species than in that of 
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the lighter ones. Surgical removal of the posterior salivary gland, known to 
be the important source of tyramine in the blood of these animals, results 
in an increase in paleness and a complete loss of tone of the chromato¬ 
phores. 167 Darkening may be induced again by injection of tvra 
mine solutions. It thus appears evident that tyramine, and probably 
betaine as well, function as humoral agents operating to modify 
the general tone of the chromatophores through the central nervous 
centers. Furthermore, studies of denervated chromatophores 168 - 109 suggest 
that both tyramine and betaine also exert a tone-increasing action on the 
chromatophores themselves, thus functioning directly as well as indirectly 
on the chromatophores. 

Superimposed upon the slower humoral influence is the more conspicuous 
nervous mechanism responsible for the rapid color changes. Certain obser¬ 
vations have led to the hypothesis that the chromatophores have a double in¬ 
nervation. If an isolated piece of the integument of Loligo containing chroma¬ 
tophores is allowed to stand for some time, the chromatophores first contract 
and later reach a condition of maintained partial expansion. Electrical stimu¬ 
lation of these latter results in chromatophore contraction. Here, therefore, 
electrical stimulation appears to act to inhibit the tonus of the chromatophore 
musculature. 16,17 On the other hand, single electrical shocks to the chromato¬ 
phore nerve or to the chromatophores themselves give single twitches of the 
chromatophore muscle. Repeated shocks give tetanus and consequent chro¬ 
matophore expansion. Bozler therefore concludes that Loligo chromatophore 
muscles receive double innervation, an excitatory and an inhibitory element. 

Insects. A number of insects can change their coloration in response to 
external stimuli, usually as the result of morphological color changes only. 
Among factors having such effects are temperature, humidity, general ac¬ 
tivity, and illumination. In only a few species are there the relatively rapid 
physiological color changes. 

Many butterfly pupae are darker or lighter in coloration, depending on 
whether they are reared at lower or higher temperatures, respectively. The 
effect of temperature operates jn Vanessa through the head, the pupa taking 
on a coloration which is determined by the temperature of that portion of the 
body when the head and body are maintained at different temperatures. 59 A 
similar influence of temperature on the degree of development of the dark pig¬ 
ments has been observed for the wasp, Habrobracon , 86 - 162 - 163 and the bug 
Perillus . 95 

The colors of Pieris brassicae are due to melanin in the cuticle, white pig¬ 
ment in the hypodermal cells, and green pigment in'the deeper tissues. The 
coloration of these pupae is also influenced by the backgrounds. On black or 
red background the pupae are grayish-white, whereas on green or orange 
backgrounds they are clear green, the latter background suppressing for¬ 
mation of the black and white pigments. 41 - 42 Exposing the pupae to colored 
lights gives the same results as the colored backgrounds. The eyes or some 
other head structure is essential for the response, for it ceases and the ani¬ 
mals behave as in darkness when the eyes are extirpated or the animal is de¬ 
capitated. 18 - : 18 - 20 

The migratory locust, Locusta migratoria, shows a limited ability to adapt 
its coloration to backgrounds. 46 Through variations in the quantities of yel- 
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lowish and black pigments the locusts may become yellowish-white, brown, 
or black. The quantity of black pigment formed seems to depend on the 
ratio of incident to reflected light striking the eyes; the amount of the yel¬ 
lowish pigment appears to depend on the predominant wave lengths of the 
light present, being formed more rapidly at longer wave lengths (550-660 
m/O and less rapidly at shorter ones (450-500 mp). When this species enters 
its swarming, migratory phase a skin coloration darker than in the solitary 
phase is produced. There is some evidence that the darker coloration is a 
result of the more intense metabolic activity. When migrating locusts are 
returned to solitary conditions they will regain their lighter color phase, but 
this color change is delayed if the isolated locust is kept in a constantly ex-, 
cited state. 48 

A few insects show color change which can be traced to redistribution of 
pigments within pigment cells or chromatophores. Corethra shows a rapid 
physiological color change of its air sacs. 1011 This last is due to the presence 
of special pigment cells. On a black background the pigment becomes dis- j 

persed and the pigment cells are scattered uniformly over the sacs. On a ) 



Fig. 261. Diagram illustrating the use of a moist chamber as a stimulus for producing 
darkening in Dixippus. The darkening in this instance is in response to abdominal stimu¬ 
lation and commences at the head and passes posteriorly only as far as an anterior thoracic 
ligature. From Giersberg. 88 

white background the pigment concentrates and the cells appear to wander 
to one side of the sacs. The eyes are involved in these reactions, as is also 
the brain. 

The color changes of the Phasmid, Dixippus morosus, have been investi¬ 
gated rather extensively. The hypodermal cells of this species contain four 
pigments, brown (melanin), orange-red and yellow (lipochromes), and 
green. 58,15!1,1(10 The brown and orange-red pigments show active concentra¬ 
tion and dispersion within the cells in response to external stimuli. The 
green and yellow pigments show no such activity. Therefore the green va¬ 
rieties found in nature show no physiological color changes, while the brown 
ones do, Brown specimens are usually dark by night and pale by day, as a 
result of dispersion and concentration, respectively, of the brown and orange- 
red pigments. A partial independence of a direct influence of light in these 
changes is indicated by the persistence of typical day-night cycles of color 
change in animals kept in constant darkness. 87, 1S^,, 160 It is possible to re¬ 
verse the rhythm by keeping the animal in illumination by night and in 
darkness by day, whereupon the newly established rhythm will continue in 
constant darkness. 

Utilizing the fact that high humidity also produces body-darkening, Giers- 
berg 68 ingeniously proved that the effect of this stimulus on the chromato¬ 
phores is indirect, operating by way of afferent nervous pathways, the brain, 
an endocrine source, and finally a blood-borne agent. When the posterior 
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half of a pale Dixippus is inserted into a small moist chamber the whole 
animal darkens in 30 to 60 minutes (Fig. 261), The darkening commences 
at the anterior end, which lies outside of the chamber in dry air, and gradu¬ 
ally spreads backward over the body. Returned to dry air, the animal light¬ 
ens again in one to two hours. If a ligature is then drawn tightly around 
the anterior thoracic region and the experiment repeated, the darkening 
spreads back only as far as the constricted region. If the ventral nerve core! 
is carefully transected between the subesophageal and the first thoracic gan¬ 
glia, or between the subesophageal and the supraesophageal ganglia of 
an otherwise normal pale animal and the experiment repeated, there is no 
darkening whatsoever, but if the animal is turned about and the head in- 
inserted into the moist chamber, the head darkens first and the darkening 
then spreads out over the body in just the same fashion as seen in unoperated 
specimens. In the ligatured animal the nerve pathways were apparently still 
able to conduct anteriorly the nerve impulses arriving from the nerve end¬ 
ings of the abdominal region which were stimulated by the moisture. A 
blood-borne hormone was liberated at the anterior end but was unable to 
diffuse posteriorly past the ligature. After nerve-cord transection the nerve 
impulses were prevented from reaching the brain and stimulating the lib¬ 
eration of a hormonal substance. Hormone production could still be effected 
by stimulation of nerve endings anterior to the operated region and then the 
active principle was free to pass posteriorly in the body fluids. 

Further evidence that the physiological color changes in Dixippus are 
predominantly controlled by hormonal material has come from transplanta¬ 
tion of portions of the skin of one animal to another. 81 The transplanted tis¬ 
sue begins to show color changes entirely paralleling those of the host in 2 
or 3 days. It is unlikely that the transplant tissue would have received any 
innervation from the host nervous system in such a short period. In fact, nor¬ 
mal hypodermal tissue shows no indications of innervation. 

The eyes of Dixippus are essential to the normal responses to light. 10 
Section of the optic tracts or blackening of the eye surface stops responses. 

Dixippus also shows responses to background when humidity and illum¬ 
ination are kept constant. It turns dark-colored on black and red surfaces, and 
light-colored on white and yellowish ones. The background responses are 
determined by the ratio of light striking the dorsal and the ventral halves of 
the eyes. Painting the lower half of the eyes black brings about darkening as 
on a black background. 

Morphological color changes in response to illumination, background, and 
humidity also occur in Dixippus and appear to involve the same mechanism 
of control as does the physiological change. Such change, however, requires 
stimulation over a much longer period. 10, 811 It has been suggested that the 
substances normally influencing physiological changes so modify the general 
nutrition and metabolism of the insects as to result in corresponding changes 
in color by pigment formation or destruction. 

Certain mantids also exhibit diurnal color changes' 18 which correspond very 
closely with the diurnal movements of the retinal pigments in the lateral 
regions of the compound eye, 

Crustaceans. The crustaceans exhibit some of the most remarkable in¬ 
stances of color adaptation to be found in the animal kingdom. Most crusta- 
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ceans possess within their chromatophores white, red, yellow, and often also 
black, brown, and blue pigments. By appropriate rearrangements of the in¬ 
dividual pigments within the chromatophores many crustaceans are able to 
approximate rather closely the colors of the backgrounds on which they come 
to lie. 

Although it was believed by all the early investigators that the chromato¬ 
phores were controlled by nerves, there was never any satisfactory demon¬ 
stration of nerve terminations at the chromatophores, nor did nerve transec¬ 
tion ever appear to interfere directly with the responses of the chromato¬ 
phores within the animal. Roller , 1381 97 working with Crago vulgaris, pro¬ 
vided the first clear evidence that a blood-borne agent was active in con¬ 
trolling the chromatophores. He found that transfusion of blood from a 
specimen darkened on a black background into a light animal kept on a white 
background would cause darkening of the light animal. No evidence for a 
lightening factor was obtained, however, by the reciprocal transfusion. He 
also observed that blood from a yellow-adapted specimen would render yel¬ 
low a white-adapted specimen. 

Perkins 144 discovered that, although denervation of an area of the body of 
Palaemonetes in no way interfered with the responses of the region when 
the animal was placed on a black or white background, occlusion of the blood 
supply to any region resulted in an immediate cessation in the responses of 
that region. Readmission of blood to the-region quickly resulted in a darken¬ 
ing or lightening of the region, to harmonize with the color of the remainder 
of the body. These results were interpreted to indicate that factors for dark- 
pigment dispersion and concentration were conveyed to the-individual 
chromatophores by way of the blood. Extraction and injection of various 
parts of the body showed that the eyestalks were found to contain a potent 
factor for concentrating the predominant red pigment and dispersing the 
white 145 in Palaemonetes and hence for blanching the animal. Removal of 
the eyestalks results in a permanently darkened condition of the animal. 
These results obtained by Perkins were quickly confirmed in their general 
principles by Roller, 98 working with Crago, Leander, and Processa. The hor¬ 
monal substance involved was shown by reciprocal injection experiments to 
be neither species-specific nor genus-specific. Since these pioneering efforts, 
numerous investigators have shown that either the eyestalks or, in a few spe¬ 
cies, the anterior thoracic region contains the source of a ; material influencing 
the state of the chromatophores. 

Decapod crustaceans which have been investigated extensively with re¬ 
spect to their eyestalk hormonal activities in color changes appear to fall rath¬ 
er naturally into three groups with respect to roles of the stalks in their 
chromatics (Fig. 262), Group I contains such genera as Palaemonetes, Pe- 
naeus, Hippolyte, Leander, and Camharus, Their chromatophore systems 
usually contain red, yellow, blue, and white pigments, Group II includes 
only the genus Crago, which has a complex pigmentary system with no less 
than eight differently responding chromatophore types, enabling the shrimp 
to show not only general shade and tint changes, but also a certain degree 
of change in color-pattern. The chromatophores contain black, brown, red, 
yellow, and white pigments. Group III includes all those true crabs (brachy- 
urans) which have been investigated. The best known of these is the fiddler 
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crab, Uca, which commonly contains black, red, yellow, and white pig¬ 
ments in the chromatophore system. 

After removal of the eyestalks from a member of any one of the three 
groups, the characteristic type of response for that particular group is ob- 
served. In Group I the animals darken rapidly through complete dispersion 
of their red and yellow pigment and become quite dark (although never as 
dark as in normal response to a black background) in an hour or two. They 
remain in this condition indefinitely. The white pigment undergoes a transi¬ 
tory concentration and thereafter exhibits a variable state. Crago, of Group 
II, most commonly shows a more complex change after eyestalk removal, 
First there is a transitory darkening of the telson and uropods and a blanch- 


Fig. 262. Schematic representation of the coloration of eyestalkless crustaceans and 
state of the dominant chromatophores for each of the three differently responding groups, 
and of the responses of these to injection of eyestalk or sinus gland extract. Solid arrows 
indicate extract of total water-soluble material, dashed arrows indicate an alcohol-insoluble 
fraction, and dotted arrows indicate an alcohol-soluble fraction. From Brown, 1948. 


ing of the remainder of the body, which lasts from one half to one hour. This 
is followed by a complete blanching of the telson and uropods and darken¬ 
ing of the body to an intermediate and mottled coloration, The white pig¬ 
ment on the body initially concentrates but then assumes an intermediate 
condition. The crab, Uca, of Group III, blanches rather quickly after re¬ 
moval of its eyestalks, its black chromatophores becoming for the most part 
punctate, and its white ones commonly broadly reticulate. This condition is 
maintained without significant change indefinitely. Thus, we see eyestalk 
removal from various crustaceans resulting in three types of conditions: body- 
darkening, adoption of an intermediate coloration, and body-blanching. In all 
three, the animals lost practically all of their responses to changes in color of 
background or illumination. 

Injection , of eyestalk-extract into Group I 
blanching, including dispersal of white pigment, 
plete blanching of both the body and telson and 
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sion of white pigment. In Group III, on the other hand, there is a blacken¬ 
ing of the whole body, although the white pigment remains broadly dis¬ 
persed. These strikingly different results observed for the animals of Groups 
I, II, and III are explained in terms of differences in the responses of the 
chromatophore systems to the eyestalk material, since reciprocal injections 
demonstrate that extracts of eyestalks from specimens of other groups pro¬ 
duce in the specimen of any given group a response qualitatively the same 
as that produced by the specimen’s own eyestalks. For example, eyestalk ex¬ 
tracts prepared from animals of Group III lighten the body of animals of 



Fig. 263. The sinus gland of Cambam and its innervation. A, Without, and B, with 
sheath of optic ganglia removed. Sg, sinus gland) N, Sheath; SB, brain; CE, connectives; 
OP, optic nerve; XO, X-organ; OC, and OC,, oculomotor nerves; F, fiber tract from brain; 
Fi, fiber tract from medulla terminalis; L, Lamina ganglionaris; ME, medulla externa; Ml, 
medulla interna; MT, medulla terminalis; AB, AD, AT, RL, and RM, eye muscles. From 
Welsh, J. Exp, Zool., 86:35-49 (1941).. 

Group I from which the eyestalks have been removed, and, conversely, eye¬ 
stalk extracts prepared from animals of Group I darken eyestalkless speci¬ 
mens of Group III. 


The source of the chromatophorotropins from the eyestalk is the sinus I 
gland (Fig. 263). This was postulated and strongly supported by Han- 
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strorn. 04 - 05 This gland had been described earlier, 03 ' 171 and at that time 
was called the "blood gland,” since it was then believed to be homologous 
with a blood-forming gland in the eyestalks of Crago, which Roller 00 had 
erroneously considered to be the source of the active principle. It was later 
concluded that the glandular source of the active material could, not pos¬ 
sibly be the "blood gland,” and it was renamed the sinus gland. This gland 
has been found to exist in practically all of numerous malaeostracan crusta¬ 
ceans in which it has been sought, hence it is evidently of very general oc¬ 
currence. Hanstrom, using eyestalkless specimens of l lea, Palaemonetes, or 
Penaeus as animals for bioassay in his numerous experiments, found that 
eyestalks of animals whose sinus glands were located in the head near the 
brain ( Gehia and Hippa [E merita)) showed no chromatophorotropic activity, 
When the eyestalks of other species were sectioned in various ways, the sec¬ 
tions possessing the sinus gland always showed activity, other parts were al¬ 
ways inactive. By utilizing the species differences in the anatomical arrange¬ 
ment of eyestalk organs, Hanstrom was able to get, one by one, all the re¬ 
maining organs of the eyestalk into portions of the stalk showing inactivity. 
Furthermore, no other structure in the stalk gave histological evidence of 
having secretory activity except a glandular organ called the X-organ. Sec¬ 
tions cdntainihg the X-organ, but not the sinus gland, were inactive; and 
removal of the X-organ from eyestalks did not diminish their chromatophoro¬ 
tropic activity. It was thus concluded that the sinus gland was the only eye¬ 
stalk source of hormones influencing the red or black pigments in the test 
animals employed. 

Hanstrom’s conclusions were confirmed by Brown, 27 who found that the 
sinus glands could be removed and extracted by themselves, and that such 
extracts possessed qualitatively and quantitatively, within experimental er¬ 
ror, all the activity of total stalks, despite the fact that their volume was 
only about 1 per cent of that of the stalk tissue (Fig. 264). Such extracts 
elicited about 80 per cent of the activity of whole stalks for both Poke- 
monetes red and Uca black chromatophores. Thus, for these two widely dif¬ 
ferent chromatophore types, the sinus glands are the sole eyestalk source of 
hormonal material. Furthermore, implantation of a sinus gland into the ven¬ 
tral abdominal sinus results in a blanching of the animal which lasts about 
100 times as long as the effects of an injection of extract that is the equival¬ 
ent of approximately one gland. It has also been possible to remove the sinus 
glands from the eyestalks of Palaemonetes without substantial damage to 
other parts of the eyestalk. 30 Specimens after such removal show broad dis¬ 
persion of their red pigment irrespective of background color, and extracts 
later prepared from their eyestalks show no appreciable chromatophorotropic 
activity. 

The sinus glands of the eyestalks provide more than one chromatophoro- 
tropin. This has been demonstrated by means of a comparative study of the 
relative influences of extracts of the eyestalks of seven genera of crustaceans 
in concentrating Palaemonetes red pigment and dispersing Uca black: pig¬ 
ment. 34 The ratio of the effect on the two chromatophore types, influence on 
Uca Black to influence on Palaemonetes Red, was called the U/P ratio. The 
U/P ratios obtained for eyestalks or sinus glands from different sources va¬ 
ried from one genus to another. For example, Crago sinus glands showed a 
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relatively high value, whereas those of Palmnonetes showed a relatively {ms- 
value. Ika yielded an intermediate value. The order for the seven specks 
investigated showed no correlation with either the sizes of the animals or 
the relative potencies as assayed on Ika. The hypothesis proposed to explain 
these data, namely, that sinus glands differed from one another in tin* pro¬ 
portions of two principles, (1) a factor predominantly darkening Urn 
(UDH), and (2) a factor predominantly lightening Ptiltwmm'lns (ITIh. 
was given strong support by the discovery that the sinus glands of each six¬ 
ties yielded two active fractions, one alcohol-soluble and the other alcohol 
insoluble. The former gave a very low U/P ratio, as if possessing a forget 
proportion of PLH, and the latter gave a high U/P ratio, suggesting a 
larger proportion of UDH. It was possible to restore the initial U P r.uj,, 
the gland of a species simply by recombining the two fractions. These re¬ 
sults lead to only one possible conclusion, namely, that the eytsfalfo ,,{ a f| 
seven species investigated, representing examples of Croups 1, H, and ill, 
possess two chromatophorotropins in differing proportions, 
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The sources of the chromatophordtrbpiiis involved in these reactions ol 
animals lacking the sinus glands are within more or less restricted regions 
of the central nervous system and its sheaths (Fig. 265). Fxtraets of central 
nervous systems of certain species of Group 1, tin injection, lighten evcstalk 
less specimens and concentrate white pigment.* 1, s " Similarly extracts nf the 
central nervous system of Uca, of Group III, darken eye,stalkless specimens of 
Uca and simultaneously concentrate white pigment. Fxtraets of the tier 
vous system of Crap, of Group II, lighten the body and darken the telsnn 
tind uropbds while concentrating white pigment. Therefore, in all three 
grohps, injection of extracts of central nervous system organs prduees t | H . 
same major i&Ults as strong stimulation of the eyestalks. No sowve <( j 
cfiromatophdfotropins needs to he sought outside of the centra! nervous 
system; 

A Careful survey df the central nervous system of Cmp shows In far the 
majopjiortidh of the telson-darkening and uropod darkening anion, as well 
as body lightening resides in the minute tritoeerebrai commissure of t | lt . 
head regidii (Fig. 266). The remainder of the central nervous system, how* 
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strong activity in black-pigment dispersal and simultaneously leave white 
pigment dispersed or induce its dispersal. Extracts of connectives, on the 
other hand, produce only a weak black-dispersing action but cause concen- 
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response involving stimulation through the eye, immediately nn hatching. 
Such species are Bmbinator and Hyh, u and Xtwfm. lvH In the secondary 
phase primary responses are still operating but are dominated liv the second 
ary ones. 

Investigation of the physiology of color changes in amphibians has pro 
vided no evidence of any direct nervous control of the integumentary mdan 
ophores. The striking discovery was made very early that hypiphyseetnm 
ized tadpoles remain pale indefinitely. 1 ™ 'Ibis strongly suggested that the 
pituitary might be the normal source of a melanin dispersing hormone in 
amphibians. The relation of the hypophysis to color changes in Hmh w jt «, 
carefully investigated by Hogben and Winton, 7 "-™ Upon hv]«tplivsecic.my 
the animals were rendered both pale and refractory to further color changes. 
Removal of the anterior lobe by itself, however, showed no significant inter 
ference with the background responses. Extracts of the posterior loin* showed 
a tremendous capacity to darken pale frogs. All attempts to produce sweilic 
chromatophore responses through nerve stimulation or nerve naimnun 
failed. Therefore, these workers concluded that the color changes in Hmu 
could be readily accounted for in terms of the activity of it >i m k hmmm 
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When the anterior lobe and the pars tuberalis are extirpated, the melano- 
phores become maximally dispersed and show no background response. When 
the posterior lobe is removed, the animals are maximally pale. The source 
of the darkening hormone appears definitely to reside in the intermediate 
lobe. 8 ' 182 Removal of the whole gland leaves the pigment slightly dispersed 
and non-responsive, All these facts fit the hypothesis of the existence of two 
factors, with the pars tuberalis responsible for the W-substance and the pos¬ 
terior or the intermediate lobe for the B-substance. 

Support for the presence of two factors also comes from the relative ef¬ 
fects of injection of B-substance into completely hypophysectomized Xeno- 
pus 15 as compared with its effects in'normal animals or animals with only 
the posterior lobes removed (Fig. 271). As would be expected, a larger dose 



Hours 


Fig. 271; Responses of the melanophores of Xenopus on a white background to in¬ 
jections of equivalent doses of pituitary extracts into totally hypophysectomized specimens, 
seamens with only posterior lobe removed, and normal specimens. From Hogben and 

is required in the last two types of recipients to bring about a given re* 
sponse, while in those with complete hypophysectomy a much smaller dose 
has an equivalent action. This latter observation finds a most.logical explana- 
tionra terms ° reSU ^ ng a ^ sence an antagonist secreted by the pars 

Fishes, The fishes, which have probably been more intensively investi¬ 
gated than any other group, with respect to their chromatophore system 
and color changes, have several types of chromatophores. The most common 
and conspicuous type is the melanophore. Other common types contain yel¬ 
low pigment xanthophores), red pigment (erythrophores), and white pig¬ 
ment (leucophores). In addition, many fishes possess chromatophores Z 
tammg small clusters of glistening plate-like crystals that impart a bluish 
green coloration (mdosomes). * 

The activities of the melanophores are the principal ones involved in the 
onspicuous responses to light and darkness and to black and white back- 

Lmtlv cb SheS ‘ Th k meC r aniSm of res P onse in fishes, as with amphibians, 
™ y a ] 3 chang ® fr °m primary color responses to secondary during 
d ^°P“. Young Perea and Sdm**>w Macropodus and 
m sh ™f ha transition in response mechanism. On the other 
hand, a number of other species appear not fo pass through a phase of prf- 
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mary responses but to have initially the secondary phase. Species of the 
latter type include Fimdulus, 61 ’ 201 Lebistes, Xiphophorus, Gambusia, 102 
Scyllium, and Mustelus. 129 A number of fishes normally showing second¬ 
ary color responses will revert to primary responses after blinding. 192 

The secondary color responses of fishes are dependent typically upon the 
eyes. They involve nervous pathways to the central nervous system, thence 
either to endocrine glands affecting the chromatophores through blood-borne 
hormones, or by way of efferent nervous pathways directly to the chromato¬ 
phores where chemical mediators are liberated by the nerve terminations. 
Both hormonal and nervous mechanisms may cooperate in many cases. There 
is considerable variation among fishes as to the normal mechanism of con¬ 
trol. Parker, 138 the leading investigator in the field of animal color changes, 
divides the fishes into three groups on the basis of the degree to which di¬ 
rect innervation of the melanophores is found. Dineuronic chromatophores 
possess double innervation with separate dispersing and concentrating fibers. 
Mononeuronic chromatophores possess single innervation in which the ac¬ 
tivity is always pigment-concentrating. Aneuronic chromatophores possess 
no innervation, their responses being due solely to activity of blood- and 
lymph-borne chemical factors. 



A B 


Fig. 272. A, Dark band in caudal fin of white-adapted Funduhs produced by severance 
of radial nerves. B, Redarkening of a faded band following a second, more distal cut. 
From Parker.* 80 


The great majority of the teleost fishes thus far carefully investigated ap¬ 
pear to possess dineuronic melanophores. One type of innervating nerve 
fiber, a pigment-concentrating one, is readily demonstrated by electrical 
stimulation of appropriate loci in the central nervous system, of central nerve 
tracts, or of peripheral nerves. The extent of the area of the skin blanching 
under this stimulation parallels the area of the skin innervated by these 
nervous elements. Furthermore, after denervation of any area of the skin the 
denervated area no longer exhibits blanching responses to stimulation of the 
nerves central to the point of denervation, even though responses may con¬ 
tinue in the adjacent areas. Therefore the blanching produced by nerve stim¬ 
ulation in the animals is a result of localized responses at the region of the 
nerve terminations and is not due to freely diffusible substances in the 
blood. The action of the concentrating fibers is believed by Parker 1 ? 8 to be 
mediated through adrenalin-like material which is liberated by the nerve 
terminations and which diffuses through the tissues. 
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1 lie presence of a second set of fibers, pigment-dispersing ones, has been 
demonstrated for many teleosts through experimentation with melanophores 
of the tail fins, II, in a teleost such as Fundulus, kept on an illuminated 
white background, a group of the radiating caudal nerves is cut by a trans¬ 
verse incision, the band of fin innervated by these fibers darkens quickly 
and then over the course of a few days fades again 126 (Fig. 272). If now 
a second cut is made parallel to the first cut, and somewhat distal to it, the 
faded band will repeat the transitory darkening behavior. This latter be¬ 
havior leads to the hypothesis that the melanophore response observed must 
be due to a restimulation of the dispersing nerve fibers that had been tran» 
sected and stimulated by the first incision. It cannot be explained simply in 
terms of a transection of the concentrating fibers, as possibly the response to 
the first cut could he. Interpolation of a cold-block between the point of the 
nerve transection and the melanophores abolishes the response. 131 Such re¬ 
darkening of faded bands after a second incision has been observed by a 
number of investigators for a number of species of teleost fishes. These in¬ 
clude Holocentm,™ 3 Parasilurus, 111 Pterophyllum, 193 ' 101 Ameiurus, 133 and 
, , v '" activation of melanin-dispersing fibers in the catfish tail has 
also been produced by electrical stimulation. 112 
Other lines of evidence, both morphological and physiological, have given 
urtier support to the hypothesis of a dual innervation of teleost melano- 
phores, ballowitz 13 many years ago clearly demonstrated that the melano¬ 
phores or the perch receive nerve terminations from more than one fiber, thus 
providing an anatomical basis for the conclusions reached bv more recent 
physiological experimentation. Furthermore, a critical examination has been 
made of the responses of chromatophores at the edges of denervated caudal 
bands of Fundulus , 1 and of those near the regenerating front of nerve 
fibers in the course of re-innervation of denervated bands, 1 as the animals 
daiken on black backgrounds and lighten on white ones. These observa- 
j°ns provide strong evidence that many of the melanophores located in 
these regenerating fronts possess only one type of fiber, either concentrating 
dispersing, but not both as under normal circumstances. Some of these 
melanophores show rapid pigment concentration and very slow dispersion; 

rn Th * d*'intoenee of digs on chl m to- 
nmdm. Pk “ d Fw,W «s™ also support the concept of a dud hv 

*? diSP “ ing JberS *» to »«i°n on the melano¬ 
phores. through the mediation of acetylcholine. Acetylcholine is known to 
cause dispersion of the melanin of fishes™ when the latter are eserinized to 
pr—d destruction of the material. In fact, a bioassay of fcaceJf 
choline content of the skin of a cork-adapted catfish' Ameiutus" 1 or smL 
h Oph mf Um ^showed its presence 4 a concentration abo" To78 
^ mma per gram of skin. This is approximately the concentration of acetyl¬ 
choline which, when injected into the body fluids of eserinized fish was in 

Of the fishes thus far investigated the dogfish Mustelus and JL a - 
pear to possess mononeuronic i^lanonhom ' V th a P' 
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have redarkened 130 or may be produced by electrical excitation 123 of the 
integumentary nerves, These bands follow the distribution of the cut nerves 
and not necessarily of the blood vessels. Furthermore, light bands may be 
produced by a similar transverse cut in a fin from which the blood supply 
has been cut off. All these facts point to a nerve supply to the melanophore 
j whose function it is to induce pigment concentration. There is no indication 

j whatsoever that pigment-dispersing nerve fibers are present in this animal. 

Parker 137 postulated that the concentrating fibers influence the melano¬ 
phores through the production of a chemical mediator which he called sela- 
chine. If skin from a pale animal is extracted with ether or olive oil, but 
not water, the material may be extracted. Injections of an olive-oil extract 
of this substance into a dark-adapted animal will produce temporary light¬ 
ening, which spreads very slowly from the point of injection. Olive oil by 
itself produces no such effect, 

I . The other elasmobranch fishes which have been investigated, the skate, 

Raja , 133 * the dogfish, Scyllium, m and the lamprey, Lampetra, m show no 
j evidence of direct innervation of their melanophores, and hence their melano-. 

phores may he said to be aneuronic, 

Blood-borne' agents typically supplement the nervous system in the sec- 
( ondary responses of the melanophores of fishes to light stimuli. In the more 

primitive fishes, such as the cyclostomes and many of the elasmobranchs 
which possess aneuronic color cells, hormones alone are the agents involved, 
Among these hormones an important substance is a pigment-dispersing prin¬ 
ciple from the pituitary, the B-substance of Hogben, or intermedin. 201 This 
j substance is produced by the posterior lobe of the pituitary. Lundstrom and 

Bard 1(W observed that hypophysectomized Mustelus become and remain 
j pale. The fish may be darkened again by injection of extract of the posterior 

lobe. A similar role of the posterior-lobe principle has since been demon¬ 
strated for other elasmobranchs, Raja and Scyllium , 72 and the cyclostome 
Lampetra. 203 

There is some evidence that in Scyllium and Raja a second neurohumor 
from the pituitary acts as a pigment-concentrating agent, 72 Evidence for a 
role of such a body-blanching principle has been derived from studies of 
the characteristics of the melanophore responses to background and light¬ 
ly intensity changes and- to the influence of hypophysectomy on the state of 

the pigments, and of pigmentary responses to injections of posterior-lobe ex- 
\ tract. The general methods of experimentation, and logic involved in these 

experiments are the same as those developed in the studies of amphibian 
melanophore control. According to the bihumoral concept of Hogben and 
his associates the state of the melanophores in these fishes is determined by 
the ratio of B-substance to W-substance present in the blood at any given 
instant, and this ratio is in turn controlled by visual stimuli. The visual, 
stimuli, through differential dorso-ventral retinal stimulation, result in dif¬ 
ferent rates of secretion of the two principles by their two respective 
| ' . .. sources. 

The chromatic pituitary hormone involved in melanin dispersion seems 
j * also to be present and active in normal color change to a greater or lesser 
degree in all teleost fishes. The eel, Anguilla , shows sluggish color changes 
requiring days for completion, 110 In this fish, despite the apparent presence 
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of both concentrating and dispersing nerve fibers, color changes seem pre¬ 
dominantly determined by hormones. In its activity in the eel, the B-sub- 
stance is believed to be assisted by a W-substance. 197 That direct innervation 
does play some role in color changes in this fish is seen in the limited back¬ 
ground response after hypophysectomy, 

The B-substance is found to be slightly less important in normal color 
changes in the catfish Arneium. Hypophysectomized catfishes continue to 
show color changes in response to black and white backgrounds but show 
only an intermediate degree of darkening on black. 3 Injection of posterior- 
lobe extract will, however, completely blacken these fish. Here we must 
assume that a blood-borne'B-substance supplements the action of dispers¬ 
ing nerve fibers in the normal responses to black backgrounds; there is as 
yet no evidence for the operation of a W-substance in this species. 

The killifish, Fundulus, on which a vast amount of research has been 
done, is a species in which the dominant mechanism of melanophore control 
is nervous, Color changes are very rapid, only a minute or two being re¬ 
quired for nearly maximal color change. These changes continue to occur 



Fig. 273. Diagram of the controlling mechanism of melanophores in the eel, Anguilla. 
L, incident light; W(B), white or black background; DR, dorsal retina; VR, ventral 
rehna; CNO, centra nervous system; P, pituitary; A, adrenergic fibers; C, cholinergic 
hbers; B, blood and lymph; DM, dispersed melanin; CM, concentrated melanin. From 


in hypophysectomized specimens. 113 Furthermore, injection of extracts of 
posterior lobe into pale fish on a white background does not produce sig- 
mhcant darkening, Since such extracts will induce darkening in denervated 
areas o the skin we must conclude that the chromatophores are normally 
influenced to some extent by this substance, which is shown to be present 
m their pituitaries. 6 ’ 92 However, its normal influence is probably seen only 
m the production of extreme conditions of dark adaptation maintained over 
relatively long periods of time. 

All teleost fishes thus far investigated appear to fall into a series in the 
rdauve influences of direct innervation and blood-borne hormones. A reason¬ 
able hypothesis has been advanced that the humoral control is phylooenet- 
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ically the older, and that direct nervous control has been superimposed upon 
it in those fishes of more recent evolutionary origin. 188 The latter tendency 
is associated with more rapid response to background, which has become 
possible through a simultaneous increase in the speed of the melanophore 
change itself. The typical teleost controlling mechanism for melanophores is 
diagrammed in Figure 273. 

A survey of the character of the response of melanophores of fishes to 
war gases suggests the presence of two differently responding types, with 
catfishes possessing one type and scaly fishes the other. 152 

Very much less is known about the control of the erythrophores, xantho- 
phores, leucophores, and iridocytes than about the control of the melano¬ 
phores. Tfie erythrophores of the squirrel-fish, Holocentrus, are rapidly re¬ 
sponding effector organs. 132 Through their activity the fish can change from 
red to white in about 5 seconds,.and make the reverse change in about 20 sec¬ 
onds. These responses may be induced by change from black to white back¬ 
ground, and'vice versa. Transection of nerve tracts in a fish on a white back¬ 
ground results in dispersion of red pigment. The areas blanch again in a short 
while and may be darkened again by a second more distal cut, indicating the 
presence of dispersing nerve fibers. The presence of concentrating nerve fibers 
can be demonstrated by electrical stimulation ojF the medulla, resulting in 
rapid paling of all innervated erythrophores. Experimentally denervated cells 
fail to give this response. Adrenalin concentrates the pigment. Pituitary ex¬ 
tracts from other squirrel-fish produce no effect when injected, into normal 
light-adapted or dark-adapted specimens. It thus appears that the erythro¬ 
phores of Holocentrus normally are exclusively under nervous control. 178 
The erythrophores of Phoxims , on the other hand, have been shown to be 
influenced by a principle from the hypophysis. 60 

The xanthophores' of Fundulus appear to possess double innervation, 
comprising concentrating and dispersing fibers. 51 A concentrating hormone, 
probably adrenalin, also appears to be responsible for the concentration of 
the pigment which results from handling of the fish. This latter concentra¬ 
tion occurs as rapidly in denervated xanthophores as in innervated ones. 
On the other hand, intraperitone^l implantation of Fundulus pituitaries into 
hypophysectomized specimens induces pigment dispersion in denervated xan¬ 
thophores, regardless of color of background. Such implants also impede the 
typical pigment-concentration in innervated cells in response to blue or 
white backgrounds. 52 It therefore ’appears that several factors normally in¬ 
fluence the state of the xanthophores in this species. Melanophores and xan¬ 
thophores of Fundulus react independently in background responses, 5 

A number of fishes, including Fundulus, possess non-iridescent reflecting- 
white chromatophores known as guanophores or leucophores. 40 These may 
show physiological changes in the adaptive responses of the fish to back¬ 
ground. Little is known of their normal control. They continue to respond 
to background after hypophysectomy, and after sufficient dosage of the fish 
with ergotamine to prevent any response of the accompanying melanophores. 
They disperse their pigment under the influence of adrenalin. 121 

Iridosomes or chromatosomes play only a ►passive role in adaptive color 
changes, becoming more or less obscured through activity of the other chro- 
matophore types. Normally these bodies are green or blue. They are highly 
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responsive to certain environmental stimuli, changing reversibly through the 
spectral colors to red on excitation and in the opposite direction on recovery, 
This response is direct, and does not involve coordinating mechanisms within 
the animal, either nervous or humoral. 4(1 

Reptiles. The functional organization of the melanophores of reptiles 
shows, as in the fishes, a great diversity. It appears to involve, to-differing 
degrees in different reptiles, the activities of hormones and nerves, 

The melanophore responses of the iguanid, Anolis, have been investi¬ 
gated very extensively by Kieinholz. 03 These lizards show color changes 
ranging from bright green to dark brown. They typically' assume the former 
color in an illuminated white container, and the latter in an illuminated 
black one. The response to change from a white to a black background is 



«°» P 3oT fa f M° Tf 1 The ine “ normally 

quires 20 to 30 minutes. These background-induced responses depend 
the eyes; they cease after bilateral blinding. However, such blinded' sne 
mens still are capable of color change; they darken in light and becoi 
pale m darkness, through primary responses. 

rh^ many - ye T-f^ racke>s38 ^ studies of color change in t 
chameleon, m which he demonstrated nervous control of the melfnonhoi 
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omy. Hypophysectomized Anolis remain permanently bright green 03 (Fig. 

2 ke T no k)n ^ er c ' ar ^ en in response to black background or bright 
light. They can be darkened readily by injection of extracts of whole pi¬ 
tuitary of fishes at the intermediate lobes of frogs or reptiles. The melano¬ 
phores of the rattlesnake appear also to be normally dispersed by a prin¬ 
ciple from the pituitary. 1,13 

Transection of nerves, such as section of the spinal cord at various levels, 
or cutting the sciatic nerve in Anolis, in no way interferes with the normal 
color responses. In fact, attempts at histologic demonstration of nerve termi¬ 
nations at the melanophores have been uniformly unsuccessful, Skin grafts 
very soon show color changes which are synchronous with those of the host. 
Exclusion of the blood supply from, any region, on the other hand, results 
in a paling of that region in about 15 minutes., 

The roles of the animal’s own hypophysis and adrenals can he shown by 
electrical stimulation with one electrode placed in the cloaca, the other in 
the mouth. Stimulated pale animals kept in darkness become uniformly dark 
brown. Denervated areas respond just as do the innervated ones, Similar 
stimulation of hypophysectomized specimens gives, on the other hand, a char¬ 
acteristic mottling of the body, This last is not obtained after both adrenal¬ 
ectomy and hypophysectomy. Furthermore, injection of adrenalin or of ex¬ 
tracts in Ringer solution of the animal’s own adrenals produces the typical 
mottling, Adrenalectomized animals lighten in response to a white hack- 
ground. All of these observations, and others, point strongly to the con¬ 
clusion that the melanin in Anolis normally disperses as a result of the ac¬ 
tivity of a principle from the intermediate lobe, and that its gradual disap¬ 
pearance from the circulation suffices to account for lightening, Rapid 
blanching which normally follows electrical' stimulation or excitement may 
perhaps be accounted for by integumentary vasoconstrictor activity and un¬ 
der some circumstances by the production of adrenin, 

Light appears to have no significant influence on the melanophore state 
inintact Anolis, other than through the eyes. 

The available evidence indicates roles of both nerves and hormones in the 
melanophore responses of the iguanid, Phrynosoma . The early work of Red- 
field 154 on this form has been largely confirmed and considerably extended 
by Parker. 134 These animals are normally gray with characteristic black 
patches. The latter patches show no color changes, whereas the intervening 
area varies with appropriate stimulation from dark gray to pale grayish- 
white. These changes are due primarily to melanophore activities. Darken¬ 
ing of the animal occurs in about 15 minutes, and lightening in approxi¬ 
mately twice that time. 

Phrynosoma darkens on an illuminated black background, at low tempera¬ 
tures, and in response to very strong illumination. It lightens on an illum¬ 
inated white background, at high temperatures, and in darkness. 

The melanophores are normally under the influence of pigment-concen¬ 
trating nerve fibers. Stimulation of a sciatic nerve will induce lightening in 
the corresponding hind leg. Electrical stimulation of the roof of the mouth 
or of the cloaca results in a paling of the whole animal, which is quickly re¬ 
versible. Following denervation of a region of the body, leg, or lateral trunk, 
similar stimulation results in a lightening of all regions except the denerv- 
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ated one, despite the fact that the melanophores in the denervated area still 
show pigment concentration in response to an injection of adrenalin. No 
indication of pigment-dispersing fibers has been uncovered in this species 
Phrposom like Anolis, after hypophysectomy becomes pale and "re- 
mams so indefinitely. Injection of pituitrin or of extract of Phrymsom pi- 
tnitary mduces strong darkening either in normal pale ot in Wpophysecto- 
mired individuals. Furthermore, injection of defibrinated blood from a dark 
specimen into the leg of a pale one produces darkening in the latter These 
results provide strong evidence that a hormone arising in the pituitary is 
normally concerned m body-darkening. An action of a pigment-concentrating 

t TV" * tat ““ ° f P V«. adrenals 

sttonsly blanches dark specimens, The presence of a similarly acting agent in 

the blood of white-adapted animals is seen in that their defibrinated blood 
will, on injection into a leg of a dark specimen, lighten the latter, It has 
ken known for a ong time that animals held on their back or otherwise 

Z “ fW* T™# f %1-ten rapidly. By comparison of ■ ” 
influences of dnmation and oednsion of blood supply on the product ™ 
of this type of hghtenmg it cube clearly demonstS that a bCX" 
agent is involved. These observations lead to the obvious conclusion that the 
phng ts bought about by two methods, nervous and hormonal cither 1 
alone capable of producing the response. ' “ ltr “ nc 

Both the dispersing hormone from the pituitary and the conoentntino 
hrnone from the adrenals operate directly on the melanophores «h t m 
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er 13 * has pointed out the possibility of an alternative interpretation tint th* 
pigment cells m these forms may show direct responses when their L - . 
not determined by a dominating mechanism. ' 1 1S 

In summary we appear to find among the reptiles, as with fishes virvin.r 
degrees of evolution of chromatophore control from systems involvii a 
probably primitive hormonal mechanism of coordination of the chronmn. 
phores, through those in which both nerves and hormones cooperate to those 
largely dominated by direct nervous innervation. > . 

FUNCTIONAL SIGNIFICANCE OF CIIKOMATOFHORFS 
AND COLOR CHANGE 

Since the responses of the chromatophores art; predoininantlv 
to color or shade of background, one is led to the hyjH,thesis tl m Sb 
Changes contribute significantly to the ulilitmtm atoll,in of | lf 1ni 

«1 for ptotmum nr aggression and I.* i, its ^ ™ 

vival. One of the few experimental da.. that physiology! dor 
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coloration (Fig, 276). Fishes with more rapid and striking color changes 
seem to have their choice more strongly modified along with background 
adaptation than do ones with less effective changes. The crayfish, Camharus, 
also appears to possess an adaptive background selection. 20 

Chromatophores appear also to serve in the protection of animals from 
bright illumination which may be deleterious. In some animals, e.g., certain 
leeches and sea-urchins, the chromatophore pigment disperses only in re¬ 
sponse to bright illumination and with no regard to a possible protective col¬ 
oration in relation to the background. The black and white pigments in. the 
crab, Vca, are normally dispersed in light during the daytime and concen¬ 
trated in darkness at night. This is due partly to an inherent rhythm, and 
partly to a response to total illumination. It is also noteworthy in tins re¬ 
gard that the white chromatophores of such brilliant-light-inhabiting "Sar¬ 
gasso-weed crustaceans as Latreutes fucorum, Leander tenuicornis, and Hip- 
polyte acuminata are very abundant and richly charged with white pig¬ 
ment. In bright illumination this pigment disperses broadly, providing a con¬ 
tinuous layer of a very effective diffusing reflector. In view of the character 
of the primary color responses of animals being that of pigment dispersal 
in light and pigment concentration in darkness, it appears reasonable to 
suspect that this light-protective function of chromatophores is a most primi¬ 
tive one, with the role of production of obliterative coloration evolving later. 

Another function which has been attributed to chromatophores is that of 
thermoregulation, 14 ' 123 The desert lizard Phrynosoma is light at night and 
during midday, and dark during the early morning and late afternoon 101 (Ch. 
10). These and similar observations have led to the hypothesis that the 
chromatophores function in thermoregulation in this species. The animal 
apparently is adaptively controlling heat absorption and radiation at the 
various times of day by chromatophore activities. Strongly supporting this 
view are the observations of numerous investigators of reptilian color 
change that elevation of the body temperature to approximately 40° C. leads 
to melanin concentration and that lowering of the temperature to about 5° C. 
leads to dispersion, 134 The black pigment of the crab, Uca, also tends to con¬ 
centrate as the body temperature is elevated above 25 to 30° C. 83 These condi¬ 
tions obviously result in control of the amount of light absorbed by the black 
pigment in a manner beneficial to the animal. 

. One additional role of color changes in animals is suggested by the color 
displays that sometimes accompany mating behavior in such species as Ano- 
UsP During pairing the males show a striking change from green to brown. 
Color displays are also associated with the breeding season in certain tele- 
osts and cephalopods. The importance of these mating color displays is un¬ 
known. Special nuptial morphological color changes are not infrequently as¬ 
sociated with the breeding season. 141 ,; 

SUMMARY 

Color changes involving movements of pigments, and formation or accum¬ 
ulation and destruction or loss of pigments, within special bodies in the in¬ 
tegument, the chromatophores, have been observed among reptiles, amphib¬ 
ians,, teleosts, elasmobranchs, cyclostomes, crustaceans, insects, cephalopods 
annelids, and echinoderms. These color changes are most characteristically 
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ones involving adaptation of the animal to its background through a func¬ 
tional relationship between the eyes and the chromatophores, although total 
amount of illumination, temperature, humidity, tactile stimuli,- endogenous 
rhythms, and other factors may also influence the process, 

The reflex pathways, initiated at the eyes, which are responsible for 
the control of the color changes in all crustaceans, insects, amphibians, and 
many fishes and reptiles, involve hormones, Both blood-borne hormones and 
direct innervation operate importantly in most other species, with the pos¬ 
sible exception of the chameleon among the reptiles and such fishes as 
Fundulus among the teleosts, and possibly also in leeches where purely 
nervous reflexes possess dominant or exclusive control. Responses of the 
chromatophore system to light continue in most animals in the absence of 
the eyes, either through the responses of the chromatophores acting as in¬ 
dependent effectors or reflexly through other light receptors, e.g., the pineal 
complex. These latter'responses are responses only to intensity of illumination 
and bear no relation to color of background. These latter reactions typically 
operate to render the animal darker in higher illumination and lighter in 
lower. 

Several functions have been ascribed to the chromatophore system, dihong 
them being: (I) protective and aggressive coloration; (2) thermoregulation] 
(3) protection of the body tissues from intense illumination; and (4) mating 
color displays. 
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. , Endocrine Mechanisms 


I he production and dispersal within the organism of chemical sub- 
I stances which subserve definite integrating and coordinating roles, 
~ anc ^ thereby supplement the activity of the nervous elements, are 
characteristic of all living things, Such substances may be referred to de¬ 
scriptively as chemical coordinators, In the broadest sense, every substance 
which enters the body fluids from the external environment or from the con¬ 
stituent cells of a higher organism and thus contributes to the normal com¬ 
position of the internal medium is a chemical coordinator. O, and C0 2 , for 
example, certainly operate importantly in the coordination of organismic ac¬ 
tivities. Other coordinatory substances, such as the D vitamins, may enter 
the body or may under certain circumstances be synthesized within certain 
cells of the organism and thence be liberated into the blood. Some chemical 
substances, e.g., secretin, appear to be more restricted in their region of 
origin within the body and adaptively participate in a specialized activity 
within the organism, namely, stimulation of the liberation of pancreatic 
juice in response to the presence of food in the duodenum, Finally, many 
groups of higher organisms have differentiated specialized glandular cells, 
tissues, or organs which elaborate coordinatory substances for the organism 
as a whole. This latter development seems to have paralleled the general 
specialization and restriction within the organism of numerous other organs 
and organ systems; these developments could come about as soon as an 
effective mechanism of internal transport was provided in the form of a cir¬ 
culatory system. It is therefore not surprising to find most described instances 
of the existence of specialized endocrine organs among the annelids, mol¬ 
luscs, and arthropods, 37,71 • u:t ' m < Ja7,180 in addition to the vertebrates. 

The terms hormones and endocrines are applied to special chemical co¬ 
ordinators which are produced at some more or less restricted region or regions 
within the organism and which possess specific physiological action at that 
or other regions within the body. They are usually, but by no means al¬ 
ways, produced in well defined glandular organs. No two endrocrinologists 
may agree on how broadly one should interpret such a definition of a hor¬ 
mone. Obviously, in view of the complete intergradation of all types of 
chemical coordinators with one another it is impossible to make a sharp 
natural division between hormones, on the one hand, and other chemical co¬ 
ordinators, on the other. Ascorbic acid may fulfill the definition of a hormone 
for the rat, for example, and yet fulfill the definition of a vitamin for man. 

Our knowledge of the modes of action of chemical coordinators is still far 
too scanty to permit an attempt to make any distinction in terms of how the 
substance exerts its influence, e.g., whether it actively participates in cbenv 
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ical reactions or acts only as a biocatalyst, In view of the. inherent impos¬ 
sibility of arriving at a clear and restricted definition of a hormone, it is 
proposed in this chapter to deal only with those chemical coordinators which 
have come to be considered by the majority of investigators in those fields 
as endocrines. 

The important point to emphasize for comparative physiological purposes 
is that in a number of phyla and classes of animals special chemical sub¬ 
stances essential to the integrative activities of the body are produced. The 
point of origin within the organism, the specific chemical nature of the hor¬ 
mone, and the routes or forces of transport are secondary in importance to 
the abilities of these hormones to induce certain characteristic, and often 
differential, effects within the animal. Furthermore, the nature of the effects 
produced depends as much on the nature of the reacting tissues as on the 
chemical properties of the circulating hormone. Hormones spreading random¬ 
ly though the body in the body fluids are obviously powerless to produce 
tissue and organ differentiation, or induce any directed or organized activi¬ 
ties in the absence of an underlying gene-determined differentiation. The 
activities of hormones are in a sense, therefore, superimposed on the basic pat¬ 
tern of the organism, bringing into functional integration the numerous and 
complex latent differentiations, In a study of endocrine mechanisms the 
phylogenetic and ontogenetic development of ability to respond to an en¬ 
docrine is therefore as important as the appearance of the endocrine itself. 

HORMONES AND GENERAL GROWTH AND DIFFERENTIATION 

Vertebrates. Vertebrates are characterized by a growth and differentia¬ 
tion in which the organism increases in size through the accumulation of 
water, salts, and organic constituents, Not only is there an absolute inarcase 
in the quantities of these substances, but there are also during this period 
characteristic changes in the ratios of these within the body until growth 
terminates in the adult. The latter period is one where a balance of con¬ 
structive and destructive phases of metabolism is reached and a steady state 
is maintained. Variations from this steady state are largely the results of fat 
depositions; the proportions of protein, ash, and water remaining strikingly 
constant. Hormones are known to operate not only in regulating the growth 
and differentiation processes but also in the maintenance of the final steady 
state of the adult, We shall first treat the developmental processes, although 
there is actually no true separation between the hormonal control of growth, 
on the one hand, and of general metabolism, on the other, 

The anterior lobe of the pituitary is essential to normal growth in the 
mammal, its importance being least in early embryonic development, but 
gradually increasing thereafter. The subject has been well reviewed by 
Long. 104 Hypophysectomy results in the rapid cessation of growth in 80-100 
gm, rats, and injection of crude alkaline pituitary extracts into such animals 
restores growth. Such extracts also accelerate growth in normal young mam¬ 
mals or stimulate further growth in those whose growth-curve has reached 
a plateau. The additional growth that results resembles quite closely normal 
growth and gigantism. One of the important sites of action of the growth- 
promoting pituitary extracts is the epiphyseal cartilage. Histological evidence 
of an activation of this tissue is an early response to the extract injections* 


Endocrine Mechanisms 


Furthermore, at least in man and some dogs, an excess of pituitary sub* 
stance after closure of the epiphyses results in the characteristic hone de¬ 
formities of acromegaly. Skeletal abnormalities in the skull are also ob¬ 
served in extract-treated or hypophysectomized mammals of other species. 

There is also clear evidence that crude alkaline pituitary extracts exert a 
strong influence on growth of the soft tissues of the body. Protein metabolism 
is affected in such a way as to increase the ratio of protein synthesis to pro¬ 
tein degradation. A number of investigators have observed a significant drop 
in blood non-protein nitrogen (N.P.N.), urea, and amino acids, and a sub¬ 
stantial drop in urinary N.P.N. after the injection. Mice injected with an¬ 
terior lobe extract daily for 105 days have been shown to have increased 
water, ash, and protein content. Fat content, on the other hand, may even 
be reduced below that of controls. Thus the growth induced by the extract 
resembles closely the growth observed in normal young and rapidly grow¬ 
ing mammals. These changes can also be shown to occur in fasting as well 
as in well-fed animals. These influences of the pituitary on growth are ex¬ 
erted both through its known influences on other growth-essential endocrine 
glands, such as the adrenals, thyroid, .pancreas, and testes, and directly 
through the action of a growth hormone arising in the pituitary itself. 

The problem of resolving the role of a growth-promoting principle from 
the pituitary in the face of the numerous trophic influences of this origin 
on other glands is a difficult one. Anterior lobe extract has been shown to 
modify protein metabolism, as indicated by the striking drop in N.P.N. of 
blood even after adrenalectomy, thyroidectomy, or pancreatectomy, although 
after pancreatectomy the mammal must receive a standard insulin treatment 
in order to obtain the N.P.N.-reducing action in response to the pituitary 
extracts. These facts indicate that the action of the pituitary principle in ac¬ 
celerating protein synthesis is exerted directly in the body rather than through 
activities of other endocrines. 

The thyroid gland is essential to growth. Growth virtually ceases atter 
thyroidectomy in the young mammal, a dwarfed condition resulting. Admin¬ 
istration of thyroxin to a thyroidectomized rat will restore normal growth. 
If hypophysectomy has also been performed, the thyroid extract shows no 
growth-promoting action. In such thyroidectomized and hypophysectomized 
animalsf anterior lobe extract alone will promote growth, but faction * 
greatly increased by addition of thyroid hormone. In new-born rats, unlike 
in older ones, thyridectomy is followed by a failure of response to *e prm- 
tary grow* hormone. This appears to suggest that thytom ts £*4 fa 
some developmental processes which must be completed before the rapacity 

“SEM IdrenaltS Kmmal leads in a relatively f short 

time to death of the organism. Failure to grow is therefore otaouslyroeof 

tol ceL or is greatly retarded in 
insulin from theisleu within.ther^eas. T^oneexe* ^ 
the same type of action on blood rs.r.n 
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hormone. Testosterone injections are also known to be followed by some 
nitrogen retention anti weight gain. 

Some of the roles of hormones in mammals in influencing growth through 
protein metabolism are diagrammed in Figure 277. 

It was discovered many years ago that the feeding of thyroid gland ma¬ 
terial to amphibians hastens metamorphosis'" 1 and, conversely, that removal 
of the rudiment of the thyroid from larval forms prevents metamorphosis. 7 ' Nl » 
Metamorphosis can be obtained in thyroidectomizcd individuals by admin¬ 
istration of thyroglobulin or thyroxin. Less eflective is di-iodntvrosine, and 
still less effective are inorganic salts of iodine or elemental iodine, which, 
however, will induce metamorphosis if they are present in sufficient tjuanti- 



Fig. 277. Diagram summarizing the major influences of hormones on growth 
in mammals. Modified from Long."" 


ties. 11 This response to thyroxin is quite distinct from the increase in the 
general rate of metabolism. Dinitrophenol, a powerful stimulant of metabol¬ 
ism, has no influence on metamorphosis, Acctylatcd thyroxin, on the other 
hand, retains its normal capacity to induce metamorphosis although it has 
lost entirely its metabolism-stimulating action. 

Various amphibian species differ greatly among themselves in their re¬ 
sponsiveness to thyroxin. During their early development, none of them shows 
ability to respond to this hormone, hut most acquire the capacity at some par¬ 
ticular stage in their development. Some species, like the Mexican axolotl, 
never develop any considerable degree of reactivity to .this metamorphosis 
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inducing factor, and hence normally do not metamorphose but can be made 
to do so by large doses of thyroxin; others, such as Necturus, appear never 
to develop the reactivity and never metamorphose. That the failure of meta¬ 
morphosis in Necturus is the result of failure of tissue response rather than 
of the absence of an appropriate thyroid principle is shown by the fact that 
Necturus thyroid will accelerate metamorphosis in Emm ckmitans. m 

In mutamoiphnsis there is an orderly sequence of changes. This sequence 
appears due, at least in part, to a graded responsiveness of the various tis¬ 
sues of the organism to the hormone. 11,1 r,! ' 

I he capacity ul amphibians to metamorphose is also lost after hypophysect- 
oniy is, t. m This activity has been traced to the anterior lobe;" the prin¬ 
ciple involved is ineffective .in inducing metamorphosis after complete thy¬ 
roidectomy." 1 lie thyroids are also known not to accumulate any colloid in 
the absence of the hypophysis. This demonstrates that the production and 
liberation of the thyroid hormone in amphibians, and hencemetamorphosis, 
is under the control of the hypophysis. 

Among leleust fishes it is known that the thyroid gland is concerned in 
metamorphosis in eels and in certain flatfishes,"" 1 ’ 117 and that changes in the 
amount.of thyroxin available will, in other species, result in alterations in 
growth rates and in hotly form." 1 '- 1,1:1 Furthermore, as in higher verte¬ 

brates, the pituitary yields a thyrotropic principle on whose activity the de¬ 
velopment and secretion of the thyroid depends."' 1,11 It is interesting that, 
despite these clearly evident influences of the thyroid on teleost growth and 
development, within this group of animals the. thyroid appears to have no in¬ 
fluence on the. general metabolic rate," 11 ' ni1 ' Hri 

Invertebrates: (mu; Hormones. The color of wild-type eye o [ Drosophila 
is due to the presence .of two types of colored granules; purplish red and 
brownish yellow. I he. chemical composition of these pigments is unknown, 
but they tire considered to belong to a new group of substances named om- 
tnatins, of low molecular weight,*" The reddish pigment is called erythrom- 
matin; the brownish, phaeommatiu. In the eye these pigment molecules arc 
believed to be conjugated with proteins. These retinal pigments differ greatly 
in composition among the insects thus far investigated. The absence of cither 
one or both of these pigments in Drosophila is observed in certain mutant 
stocks, 1 "" the vermilion group ul mutants possessing only the red, the mutant 
brown possessing only the brownish, and the mutant white possessing neither 
of these two pigments. 

In Drosophila the eyes differentiate, during pupal development from the 
optic imaginal discs. When the differentiation of the eye is nearly complete, 
first the brownish pigment makes its appearance and later the red, The de¬ 
veloping eyes of the wild-type (lies thus pass through a brownish phase in 
their development, The stimulus lor development of: the eye discs, as with 
all other aspects of pupal development, appears to require the presence of the 
general growth and differentiation hormone, 1,1 which is treated in the sec¬ 
tion on molt, pupation, and metamorphosis in insects, 

It has been clearly established that the development of brown pigment in 
a the eye depends on the presence of a blood-born factor which has been 
named the V-f hormone. 1 "- RT Eye discs from a vermilion larva, normally pro¬ 
ducing only red pigment, when transplanted into a wild-type larva develop 
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into wild-type eyes, containing the brownish pigment in addition to the reel. 
Furthermore,, blood from a wild-type pupa transfused into a vermilion one 
will induce development of the wild-type pigmentation I he V hommne is 
known to be released from the malpighian tubules and the fat bodies, i ha 
the eye-discs themselves may also produce some hormone is demonstrated 
by transplanting wild-type or brown eye discs into vermilion larvae, the discs 
in these cases developing to a greater or less extent their normal wild-type 

or brown coloration, respectively. t . 

The V-f- hormone is neither species-specific nor genus-speeihe; it is pres¬ 
ent in several species of Drosophila as well as in kphestia, Bomhyx, and 
other insects. In Ephestia and Bomhyx, the same hormone thus operates on 
other pigmentary types in eye-color determination. It is believed that this hor¬ 
mone is identical with the substance kynurenin, 1 " a product of general tryp¬ 
tophane metabolism, and considered to arise in the insects in association with 
the extensive protein degradation accompanying metamorphosis. 

Two mutants of the vermilion group, vermilion and cinnabar, both pos¬ 
sess eyes containing only red pigment. 'I he. eyes of the two are distinguish¬ 
able only with difficulty. It can lie shown, however, by reciprocal eye-disc 
transplantation between larvae of these two mutant types that the reason 
for the failure to form brown pigment differs in the two. Vermilion dip 
transplanted into cinnabar larvae develop wild-type pigmentation, thus in¬ 
dicating the presence of V-f- hormone.’ Cinnabar discs transplanted into ver¬ 
milion larvae, on the other hand, develop only cinnabar pigmentation. Since 
both vermilion and cinnabar discs develop wild-type pigmentation in wild- 
type hosts, it is clear that cinnabar lacks a second factor normally found in 
wild-type blood, a factor which has been called the Cn+ hormone. 1 *- w An 
assay of the blood of various mutant types for V-f and Cn+ hormones by 
the general technique of implanting vermilion and cinnabar eyediscs shows 
that the Cnf hormone is never found in the absence of V-f- hormone and 
that as V-f decreases in amount so always does Cn-f. Furthermore, mutants 
without Cn-f- may possess the ability to produce this latter if V-f- is supplied. 
It has therefore been assumed that in the normal metabolism of the wild eye 
type of Drosophila Vf and Cn-f are formed sequentially, the former being 
a normal precursor of the latter, with the vermilion mutant unable to form 
V-)- hut nevertheless able to make the conversion of V-f- to Cn-f and 
with cinnabar mutants able to produce V-f- hut unable to make the con¬ 
version to Cn-f. The Cn-f- hormone, like the V-f- hormone., is found in 
genera other than Drosophila and has been shown to he produced in the 
malpighian tubules and in the eye discs themselves. It is not found, how¬ 
ever, in the fat bodies. Its chemical composition is not yet known. 

Just as we are now well aware that a single gene may determine the pres¬ 
ence or absence of such blood-borne integrating factors in development as 
V-f and Cn-f- hormones, so is the evidence dear that single gene changes 
may determine the abilities of the target organs to respond to the hormonal 
substances. The mutant scarlet can be shown, by implantations of their eye 
discs into other test larvae, to produce both V-f- and Cn-f hormones and 
yet produce no brown pigment, 88 and the mutant white produces neither 
brown nor red. This indicates the need for the presence of specific “sub¬ 
strate” substances within the eye to permit the normal color responses. All 
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of the relationships discussed here are brought together in Figure 278. r ’ 6 

1 here is substantial evidence that the foregoing gene hormones are used 
up in the reactions in which they are involved, probably entering directly 



Fig. 278. Diagram summarizing the roles of gene hormones and certain other factors in 
the development of eye pigments in Drosophila. From Ephrussi. 


into certain of the reactions involved in pigment production. There seems 
to be a direct relationship between the quantity of hormone made available 
and the amount of eye pigment produced. However, since the same hor¬ 
mones operating in different insect groups seem to be responsible for the de- 
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velopment of pigments of quite different chemical composition, it would ap¬ 
pear doubtful that the substances actually become a portion of the chromo- 
phore molecule, 

We see from the preceding discussion that in the production and opera¬ 
tion of gene hormones we have a most favorable opportunity to investigate 
in some detail instances of the production and action of hormones in terms of 
the metabolic transformations proceeding within cells. 

Molt, Pupation, and Metamorphosis in Insects. The post-embryonic de¬ 
velopment of insects comprises an orderly series of stages in the course of 
which the insect becomes transformed from a larva to an adult or imago 
(Fig. 279). The process involves growth by means of a series of molts, and 
a metamorphosis in which the larval characters are lost and imaginal ones 
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Fig. 279. Diagram representing the principal stages and processes involved in the 
development of-hemimetabolous and of holometabolous insects. 


differentiated. In the hemimetabolous insects, such as the orthopterans (grass¬ 
hoppers, cockroaches, walking sticks, etc.), the hemipterans (bedbugs, Rkod- 
nius, etc.), and Odonata, the transition from larval to adult condition is typ¬ 
ically a gradual one, in which the developing young, typically known as 
nymphs, in succeeding molts come gradually to resemble more and more 
nearly the adult. In such hemimetabolous insects, however, the last nymphal 
molt is usually associated with by far the most striking transformation and 
hence is commonly considered the metamorphic molt. In holometabolous in¬ 
sects, such as the Lepidoptera (moths, butterflies, etc,), Diptera (Droso¬ 
phila, blowflies, etc.), and Coleoptera, very little change of form in the di¬ 
rection of the adult occurs during the larval series of molts, these being 
primarily growth changes, hut the last larval molt is associated with the 
formation of a pupa. During the pupal stage the larval organism becomes 
completely transformed into an adult, a spectacular metamorphosis. There is 
no fundamental difference between the two foregoing types of development, 
the observed differences being primarily the result of differences in the 
times at which the processes of imaginal differentiation occur. These latter 
are extended, to a considerable extent over the whole larval period in the 
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hemimetabola and largely confined to the pupal stage in the Imlometddh 
The number of larval or nymphal stages in development differs from 
species to species, hut is usually a constant for each species. 1 he bug KM 
nius, for example, has five nymphal stages or instars, the orthopteran. Dixip- 
pus, has six, and the dipteran, Drosophila, has three. It is now well 
established that the sequence of events in the growth and differentiation in 
the post-embryonic insect is in good measure under the integrating action of 
hormones derived from glandular sources in the anterior region of the in 
sect. 31 

Experiments on the tropical bug, Rhodnius prolixus, have provided a 
clear demonstration of the action of two developmental hormones, 5 ' 1 ' 
one inducing molt accompanied by metamorphosis, and the other inhibiting 
metamorphosis. The former has been called the molting hormone or the 
growth and differentiation (GD) hormone, and the latter the inhibitory 
or juvenile hormone. The roles of these hormones are readily investigated 
in developing Rhodnius. This insect, at each nymphal instar, molts a defi¬ 
nite number of days after a meal of blood. The distention of the abdomen 
appears to serve as the adequate stimulus. Following decapitation these in¬ 
sects will survive for 6 to 10 months. It has been shown by decapitation at 
different intervals after feeding that there is a critical period occurring a 
few days after the feeding. Nymphs decapitated before this period never un¬ 
dergo molt; those decapitated afterward do. That the critical period consti¬ 
tutes a time when a blood-borne molt-inducing hormone is being liberated 
from some organ in the head is shown by experimental telobiosis (Fig. 
280, A) of two decapitated individuals. Under such conditions, for example, 
molting in a fourth stage nymph decapitated before the critical period will 
be induced by a fourth stage nymph decapitated after the critical period. 
Both thereby become fifth stage nymphs. 

The fifth nymphal stage, upon molt, typically metamorphoses at that time 
into an adult. If a fifth stage nymph is decapitated after its critical period it 
can be shown bv telobiotic union with a first or second stage nymph de¬ 
capitated before "the critical period, that the fifth stage nymph «s 
within its blood factors which determine molt with metamorphosis. The at¬ 
tached first or second stage nvmph becomes in this instance a diminutive 
adult, If a fourth stage nymph which would normally molt to become a faith 
stage nymph is decapitated after the critical period and united with a tilth 
stage nymph decapitated before the critical period, the latter molts and 
becomes a giant, supernumerary sixth stage nymph instead of an mug . 
Furthermore, although the adult normally does not molt again, it can be 
made to do so by telobiotic and parabiotic union to two or three hjth stage 
nymphs decapitated after the critical period. If fourth stage instead of tilth 
stage* nymphs are used, the adult on molt shows a partial return to the 

nymphal condition (Fig. 280, B). . , f 

From such experiments it is readily seen that the blood of a nvmph after 
the critical period contains factors that determine molting either without or 
whh an accompanying extensive metamorphosis,the,IUI of < e ®ltmg 
fifth-stage nymph, alone, inducing metamorphosis. A careful study of he 
results of decapitation of third and fourth instats at different times dmj 
die critical period itself shows that, of those molting after decapitation, those 
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decapitated early in the period show a significant tendency toward prema¬ 
ture metamorphosis, while those decapitated later do not do so. This ob¬ 
servation has been interpreted as indicating that during the critical period 
of the first four instars a molting and metamorphosis hormone is first lib¬ 
erated and that quickly thereafter a metamorphosis-inhibiting principle is 
also secreted. The fifth instar alone in Rhodnius fails to produce the latter. 

The source of the metamorphosis-inhibiting or juvenile hormone is the 
corpus allatum, a median unpaired gland in Hhodnius located in the pos¬ 
terior region of the head. The source of the hormone inducing molting and 
differentiation is in the pars intercerebral is of the dorsal mid region of the 
brain, probably in certain neurosecretory cells shown histologically to In- 
located there. The elongated form of the head of Hhodnius renders it very 



A R 


%;280. Experimental telobiosis and parabiosis in the bug, Hhodnius, A, Teltfeis 
involving only nymphal instars. B, Fourth and fifth instar nymphs united telobioticilly 
and parabiotically with an imago. From Wigglesworth. 1 "' n " 


simple to cut the head transversely in such a manner as to retain the corpus 
allatum while the brain is removed. Utilizing this technique in conjunction 
with telobiotic experiments, as well as by implanting corpora allata and pars 
intercerebralis regions of brains into nymphs decapitated before the critical 
period, one can obtain at will either a nymphal molt or a metamorphosis in 
Rhodnius, 


The metamorphosis and the juvenile hormones are not species-specific, 
and the hormones of Rhodnius will induce similar changes in other heniip- 
terans, such as Triatoma and Cimex. 


Among the orthopterans, Dixippus™-™ Lemphftw™ and Mehnu- 
phs, m which have been investigated at some length and which also show 
hemimetabolous development, there is as yet no clear proof of the existence 
or site of origin of a molting or GD hormone, although it is generally as¬ 
sumed one is present. The corpora allata in all, however, produce a juvenile 
hormone. In Dixippus, which normally has six nymphal stages, removal of 
the corpora allata in the third nymphal stage results in a premature meta 
morphosis, although two nymphal molts usually intervene between the op- 
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oration ancl the metamorphosis. This latter is interpreted to mean that the 
hormone from the gland is stored somewhere in the body over this period 
I ransplantation of corpora allata from third or fourth instar nymphs into 
sixth instar nymphs of Dixippus may produce giant imagos which have un¬ 
dergone as many as three or four additional nymphal molts. In L eucophaea 
which normally possess eight nymphal instars allatectomy of a seventh in¬ 
star before the- critical period results in an adult-like stage following the 
molt. Such an individual has been termed an "adultoid” and differs from 
adults iij having a smaller size and shorter wings. Allatectomy in fifth or 
sixth instars results on molt in "pre-adultoids” which require one additional 
molt to produce “adultoids." 

In the holometaholous dipterans the ring gland of the larva, located dors- 
ally to the brain and between the brain lobes, is the source of a hormone 
inducing pupation." 7, 08 The role of this gland is readily demonstrated by 
ligating the larva to constrict it into two portions, one containing the brain, 
and the other without it." 1 If this operation is performed before a certain 
"critical period," only that portion containing the ring gland pupates; if 
constriction is produced after the critical period, both portions pupate. 
Transplantation of a ring gland from a last larval instar into a first larval 
instar produces premature pupation in the latter. Ring gland implants will 
also induce pupation in a portion of a larva cut off by ligation from its own 
ring gland before the critical period. This hormone appears also to be the 
effective one operating in metamorphosis as well as in pupation itself. 1 * 1 
lnuginal discs implanted into the hemoeoele of adult flies will not differenti¬ 
ate unless ring glands of late larvae are also implanted.® 8 Furthermore, the 
metamorphosis hormone of Lepidoptera will induce pupation in dipterans. 21 

The corpora allata of the Lepidoptera, like those of the hemipterans and 
orthopterans, are the source of a juvenile hormone. Allatectomy in caterpil¬ 
lars of younger instars is followed by a premature pupation, and, conversely, 
implantation of corpora allata from early instars into caterpillars ready to 
pupate will significantly delay the pupation, !,a 

From the time of the original experiments of Kopec 00 on lepidopteran pu¬ 
pation and metamorphosis it has been known that at a certain "critical period 
prior to pupation a hormone is liberated from the anterior portion of the 
larva and that this is essential for pupation and metamorphosis. In the silk¬ 
worm moth, Bombyx, this hormone is produced in the prothoracic gland 
located in the prothoracic segment. 02 If the prothoracic segment is cut off by 
ligation from the more posterior regions of the body immediately after pupa¬ 
tion, the posterior portion fails to develop further. If the constriction is made 
12 to 18 hours after pupation the posterior portion metamorphoses normally. 
If prothoracic gland is implanted into the posterior portion of a pupa ligated 
before the 12 to 18 hour "critical period" metamorphosis of this part also 
proceeds normally; or an abdomen cut off by constriction may he induced to 
metamorphose by connection of its hemolymph cavity with that of a norma] 
metamorphosing specimen, even when the connection is made by way of 

a glass capillary tube, . , , 

In the giant silkworm moth, Platysamia, after pupation, a dormant period or 
diapause exists for some 5 to 6 months in pupa maintained at 25 C, If the 
brain is removed from such diapausing pupa the insect never njetamorphoses 
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although the animal usually survives for about a year, 171 IF a pupa is chilled 
by exposure to a temperature of 3*5 U C. for M months metamorphosis will 
then occur in a little over one month after the pupa is restored to the higher 
temperature. When a chilled pupa is united parabiotieally with an unchilled 
one, both will metamorphose synchronously in about 1 Vi months (Fig. 281, 
A and b), Implants of brain born a chilled pupa will induce metamorphosis 
in an unchilled pupa. 

A reconciliation of the observed influences on metamorphosis of the pro- 
thoracic gland, on the one hand, and of the brain, on the other, has recently 
Ireen effected. 178 - m In Plulysamk arnipia the active fraction from the 
brain arises in the inner mass of each cerebral lobe of the brain, within 
which are found two. groups of neurosecretory cells, a median and a lateral 
group. The median group of cells corresponds with the pars mtercerebralis 
cells o{ the hemipterous. 171 In induce metamorphosis of a brainless pupa a 
portion of it brain containing both groups of neurosecretory cells must be 
implanted, suggesting lli;it these two groups collaborate in the production 
of the material involved. Killed brain, or brain extract, has thus far proved 
ineffective as a substitute for living brain tissue in inducing metamorphosis, 

11 one transects pupae of Plaiysumk just anterior tc the sixth abdominal 
segment and then seals a plastex cover slip over the cut end of each por¬ 
tion one obtains preparations which are viable for eight months or more 
and development can Ire readily observed in them. Chilled anterior por¬ 
tions, or brainless anterior portions which have received an implant of a 
chilled brain, undergo normal metamorphosis. The posterior portion will 
not undergo metamorphosis even when a number of chilled brains are im¬ 
planted into a single abdomen. Such abdomens will metamorphose, however, 
when grafted to metamorphosing anterior portions. An endocrine factor in 
addition to that from the brain is obviously essential. That the source of the 
second factor is the prothoraeie gland can.'he shown by the induction of 
pupation of isolated abdomens by the implantation of both chilled brains and 
prothoraeie glands (big. 2H.I, (' and /)). The latter may come from either 
chilled or unchilled pupae, Frothnraeie glands by themselves are not ade¬ 
quate. It would therefore appear that metamorphosis normally depends on 
the production of at least two factors. The first, produced from the brain, 
is apparently required to ac tivate the prothoraeie glands (Fig. 281, K and F). 

Other experiments'^ suggest: that the prothoraeie gland principle influ¬ 
ences termination of pupal diapause and consequent metamorphosis through 
action on the cytochrome system of the larval tissues. 

Molting in Cnisfnetmv The decapod crustaceans in their development 
typically undergo a number of molts, passing through a series of character* 
istk larval stiiges, and alter having achieved the body-form of the adult 
they continue to grow through periodic molting of the exoskclcton. Little 
or nothing is known regarding the integrating factors concerned in the larval 
development, although if seems probable (bat the endocrine factors oper¬ 
ating here differ little from those known to lie operating in later molting and 
growth. 

The molting process is a complex one. The molting cycle may lie divided 
into four periods; (1) preraolt, a period of active preparation for molt, in¬ 
cluding gradual thinning of the cuticle ami storage in the gastrollths or 
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hepatopancreas of inorganic constituents for a new exoskeleton; (2) molt, 
the splitting and shedding of the old, partially resorbed cuticle, and an 
abrupt size increase largely due to absorption of water; (3) postmolt, a pe¬ 
riod of rapid redeposition of chitin and inorganic salts to produce a new 
cuticle, and of protoplasmic growth; and (4) intermolt, a period during 
which physiological processes normally associated with the molting process 
are largely held in abeyance. In the fresh-water crayfish, Cambarus, on which 
most of our knowledge of hormonal integration of the molting phenomenon 
is based, there is no true larval stage; the individual hatches as a diminutive 
adult. During its first year of life it molts at intervals of about 12 to 13 days, 
probably without intervention of any significant intermolt period. After the 
first growth season there are usually two molts a year, one occurring in the 
spring, in late April or May, and the other in the summer, in July or Au¬ 
gust. In these older, mature crayfishes the premolt period is 3 to 5 weeks. 
During this time there is a gradual resorption of the exoskeleton and 
a deposition of calcium salts in the form of gastroliths in the antero-lateral 
walls of the cardiac stomach. There is also a gradual increase in the rate of 
oxygen consumption and of water content for a week or so prior to molt, 
reaching a peak at the time of molt. The period of postmolt is one in which 
these changes proceed in the opposite direction and require approximately 
the same rime as the corresponding processes of premolt. Postmolt is fol¬ 
lowed by intermolt, which is of longer duration after the summer than after 
tne spring postmolt. 

Observations on changes associated with the molting cycle in other crusta¬ 
ceans show that the hepatopancreas is a site of storage of calcium salts in 
certain of the crabs. The stored salts are not sufficient to account for the nor¬ 
mal hardening of the exoskeleton, thus making it necessary that the postmolt 
period is one of rapid absorption of calcium, both directly from the external 
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glands from other crayfishes are implanted into the abdomen of such eye- 
stalkless specimens, molting will be delayed beyond the time of that of the 
controls. 38,89 Similar implantations of eyestalk tissue from which the sinus 
gland has been removed are without appreciable molt-retarding influence. 
Removal of only one eyestalk results in a slightly accelerated molt, suggest¬ 
ing the effect to be quantitative in character. 

A molt-inhibiting role of the crustacean sinus gland has received confir¬ 
mation in studies of the control of gastrolith formation in crayfishes (Fig. 
282). These concretions, normally produced only during the premolt pe¬ 
riods, may be caused to form at any other period of the year by excision of 
both eyestalks or by surgical extirpation of the sinus glands by themselves. 101, 
141 After eyestalk removal during a non-molting period, such as between Sep¬ 
tember and March, the gastroliths commence to form in less than 24 hours 
at about 20° C. and then increase in size slowly during eight to ten days, 



TIME IN DAYS 

Fig. 282. A, Increase in gastrolith size and molting in crayfishes after removal of the 
eyestalks with their included sinus glands. Note that an animal .once molted proceeds 
almost immediately to prepare for another molt, B, Eyestalkless crayfishes into which 
sinus glands are implanted at three or four-day intervals show no gastrolith production. 
From Scudamore. 111 

thereafter accelerating rapidly up to the time of molt, which usually occurs 
between the fifteenth and twentieth days, Those individuals which survive 
the molt immediately: proceed to form a new set of gastroliths. If, however, 
one implants a sinus gland into the abdominal region of eyestalkless animals 
at three- or four-day intervals gastrolith formation is suppressed. Eyestalk 
tissues other than the sinus gland have no such action. When sinus gland 
implantations are discontinued, gastroliths begin to form about a week after 
the last implant, indicating that the implanted glands are no longer effective. 

Histological changes in the sinus glands of crustaceans Have been shown 
to be correlated with the molt cycle, 128 Just prior to molt, acidophilic secre¬ 
tory granules appear to be the predominant ones; after molt completion, 
basophilic ones are more prevalent. 

The molting process which is set into operation by eyestalk removal re¬ 
sembles still further the changes observed in normal premolt animals. 141 
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There is a greatly accelerated rate of oxygen consumption and an increase in 
water uptake. There is also the typical thinning of the exoskeleton result- 
ing from the dissolving and resorptive activity of the hypodermal cells. All 
of these results of eyestalk removal are prevented by implantation of sinus 
glands, and it therefore appears probable that all are under the influence 
of a single molt-inhibiting hormone from the sinus gland. 

Comparing the abrupt increase in oxygen consumption after eyestalk re¬ 
moval with the gradual increase during normal premolt, it appears evident 
that the normal molt, unlike the experimentally induced one, results from 
a gradual and slow decrease in the blood titer of the mole-inhibiting prin¬ 
ciple from the sinus gland. This difference between normal and experi¬ 
mentally induced molt might account in part for the often-reported observa¬ 
tion that cyestalkless animals show greatly reduced viability, usually suc¬ 
cumbing about the time of the first succeeding molt, or, if surviving that, 
commonly dying during the second. A rare animal survives to the third. It 
has been shown that the average survival time of cyestalkless animals can be 
extended from about 17 days to more than 38 by periodic implants of sinus 
glands. It seems a reasonable supposition that in molting in cyestalkless ani¬ 
mals some uncurbed molting processes greatly outrun other more basic un¬ 
derlying ones. That some differences' from normal molt'do occur is seen 
in that the exuvia of cyestalkless crustaceans have, less inorganic salt content 
than those from unoperated molting specimens. 97 The high mortality is as¬ 
sociated with factors other than the mere molting. 

The molt inhibiting hormone from the, sinus glands appears to he respon¬ 
sible for the failure of egg-bearing female Grangon to molt until the young 
have hatched, 70 and for the fact that at the annual spring molt of Cmbrns 
the egg-bearing females molt several weeks later than the males and only 
after the young have left the maternal pleopods. Sinus gland removal is just 
as effective in inducing molt in egg-hearing female crayfishes as is a similar 
operation in males. 141 

There is reason to suspect that at least one additional factor, arising in 
some region, of the body other than the eyestalks, cooperates in the control 
of molt. A careful study of the deposition of calcium salts in the gastroliths 
shows that this process is rhythmical, with rapid deposition during the night 
and little deposition during the day. Suggestive in this regard, injection of 
extract of the brain tissue or strong electrical stimulation of the cut ends of 
the optic nerves of cyestalkless animals will cause a transitory acceleration 
in rate of oxygen consumption. 141 

HORMONES AND SEX AND REPRODUCTION 

Vertebrates. The subject of hormones and sex and reproduction in higher 
vertebrate lias been comprehensively reviewed. 18 - 45 

The hormones whose primary functions are concerned with sexual repro¬ 
duction and care of the developing young may be divided in vertebrates 
into three general groups. The first of these, the gonadotropins, are hormones 
which principally govern the development and activities of the primary sex 
organs, the gonads. The second general group comprises those hormones, of 
gonadal or other origin, which typically regulate the male and female sec¬ 
ondary and accessory sex characters of the body and exercise a control over 
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the sexual and reproductive impulse and behavior. These latter hormones 
are known as the gonadal hormones and include the androgens, estrogens, 
and progestins. A third group we shall call the lactogens, These hormones, 
of pituitary origin, are essential to the secretion of milk by the crop glands 
of pigeons and by the mammae of mammals and probably are influential in 
determining maternal behavior. 

Gonadotropins, It has been known for some years that pituitary deficiency 
or hypophysectomy in the mammal results in an atrophy of the gonads and 
certain accessory genital structures, and that these changes can be reversed 
by pituitary implants or extract injections. The gonadotropins to which 
these influences of the pituitary are due always exhibit the common prop¬ 
erties of proteins. Factors which destroy protein structure effectively inactiv¬ 
ate these hormones. It would therefore appear that the gonadotropins are 
themselves proteins or consist of a prosthetic group intimately associated with 
a protein to which the specific activities of the hormones are due. 

The anterior lobe of the pituitary is the principal source of gonadotropins. 
From this site arise two gonadotropins, the follicle-stimulating hormone or 
FSH, and the luteinizing hormone or LH, Another gonadotropin, called 
chorionic gonadotropin, is known to arise not from the pituitary but from 
the placenta and to resemble LH rather closely in function. The bulk of 
the evidence at hand suggests very strongly that these three gonadotropins 
are three different compounds. 

In the absence of gonadotropins, such as normally accompanies hypophy- 
sectomv, the ovary shows an arrest of development in young animals and 
a reduction in size in adults. In the latter instances existing follicles become 
atretic. FSH in excess, on the other hand, will stimulate the simultaneous 
maturation of an excessive number of follicles. In some mammals, such as 
the rabbit, ferret, etc., ovulation from mature follicles occurs only after mat¬ 
ing or after some other effective stimulus. Such stimulation is known to in¬ 
duce the liberation of LH, which causes the ovulation. In other mammals, 
including the human, no special stimulation of the accessory complex is es¬ 
sential to induce ovulation. In all mammals LH is normally responsible for 
the formation of corpora lutea in.the ruptured follicles. 

The gonadotropins are not sex specific. They regulate the activity of the 
testis as well as of the ovary. Removal of the pituitary in the male results m 
an arrest of testicular function and reduction in size of the testis. Activity of 
the testes can be maintained in hypophyscctomized individuals by pituitary 
implants or extract injection. Many mammals which breed only at certain 
sharply delimited periods of the year may have their testes rendered unsea¬ 
sonably active by treatment with gonadotropins. This has been demonstrated 
for such species as the ground squirrel, Citellus, and the alpine marmot, 
Marmots. After the mating season in.such species the testes normally recede 
into tire abdomen and spermatogenesis ceases. Administration of pituitary 
gonadotropin, or even chorionic gonadotropin, found normally only in preg¬ 
nant females, will reverse these processes at any season. 

An enlargement of the ovaries of the horned lizard, Phrynosoma, has been 
obtained by FSH and LH from hog pituitary and by serum from pregnant 

m Female frogs and toads may be induced to ovulate at any time of the 
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year, except immediately after an egg-laying period, by injection of mac¬ 
erated anterior lobe of the pituitary. 1 * 3 ' 134 - 135) 13# - Preparations of pituitaries 
from females are about twice as effective as those from males, The ovula¬ 
tion, which will occur between the second and fourth days, includes rup¬ 
ture of the follicles and expulsion of the eggs by contraction of smooth mus¬ 
cle fibers in the follicle wall. Injection of pituitary extract into male frogs in¬ 
duces amplexus. These sex reactions in amphibians may also be induced by 
pituitary extracts from other amphibians, from fishes, 173 mammals, 134 or 
may even occur in response to antuitrin-S from pregnancy urine, 

Premature spawning has been induced in several species of fishes after 
injection of fresh pituitary glands from other fishes. The ovoviviparous fish 
Cnasterodon was caused to spawn more than two weeks before the normal 
time after treatment with pituitaries from Micrapagon and Luciopimelodus , 8 - 
The Brazilian species, Pimehdus iS and Prochilodus, m which normally 
spawn after the heavy rains that in Brazil follow a long period of drought, 
were induced to produce eggs and sperm during the period of drought 
within 1 to 3 days after an intramuscular injection of pituitaries from these 
same species. Rainbow and brown trout, Salmo gairdnerii and S, fario, in 
Wisconsin, were caused to produce mature eggs and sperm 6 to 7 weeks 
before the normal spawning season by intraperitoneal injections of fresh or 
acetone-dried pituitary glands from the carp. 74 FSH from sheep and serum 
from pregnant mares were without such effect. Increase in size of the ovo¬ 
cytes and ovaries of the lamprey, Petromyzon, and precocious sexual ma¬ 
turity were observed after treatment with human pregnancy urine. 47 ' R1 
Hypophysectomy in the kiilifish, Fundulus, is followed by regressive changes 
in the ovaries and testes, compared with controls. 111 When the gland is re¬ 
moved in the autumn the gonads fail to undergo their normal spring en¬ 
largement. Furthermore, implantation of adult pituitaries at 3 day inter¬ 
vals into immature Fundulus induces within 4 weeks a considerable degree 
of gonadal activation in both sexes, together with production of secondary 
sexual pigmentary changes in the males characteristic of the breeding sea¬ 
son. 112 

Gonadal Hormones. Hormones arising in the gonads regulate the male and 
female characters of the body. I hey stimulate the development and activ¬ 
ity of the accessory reproductive organs, and control the sexual behavior of 
the animal. Although the influences of these hormones are basically similar 
among all vertebrates there is considerable difference among species, and 
even among individuals, as to their detailed actions. 

There are three types of gonadal hormones, androgens, estrogens, and 
progestins, all three types being elaborated by both sexes. The chief sources 
of these hormones, as the name gonadal hormones implies, are the ovaries 
and testes, although other organs such as the placenta and adrenals may 
also contribute significant quantities. All the naturally occurring gonadal 
hormones possess a steroid nucleus, hut recent studies of active synthetic 
substances appear to indicate that their activities do not depend on this struc¬ 
ture. 

The androgens mainly regulate the development and activities of those ac¬ 
cessory reproductive structures functionally important in the male. The es¬ 
trogens are mainly concerned with the development and activity of those 


structures functionally important in the female. The progestins function pri¬ 
marily in providing adequately for the intimate relationship between the 
parent and developing young. The principal naturally occurring substance 
in each class is: (1) androgen-testosterone; (2) estrogen-estradiol; and 
(3) progestin-.progesterone, which have the chemical structures shown. 



Just as these three classes of hormones show a basic similarity to one an¬ 
other in their chemical organization, so is there also considerable functional 
overlapping, and, in many instances, a ready conversion within the hotly 
from one type to another. These facts have made the acquisition of knowl¬ 
edge of their normal function somewhat difficult. 

ANinwKiiSNK, Androgen is a term, used to describe all those compounds 
whose biological actions resemble in general those of testosterone.The pri¬ 
mary function of androgens is to stimulate the development and activity of 
the male accessory reproductive organs. They tire also responsible in part 
for differences in the conformation of the male body, the lower pitch of the 
human male voice, the characteristic distribution of hair, male pugnacious 
assertiveness, and many special male secondary sex characteristics such as 
the swollen clasping digits of the male frog, the comb of the cock, the crest 
of the newt, and the nuptial coloration and gonopodal appendages of cer¬ 
tain viviparus fishes. Many of these are characters the presence of which is 
largely restricted to the breeding season, 

The various androgens differ from one another in their overall potency 
and their relative effects on the numerous individual characters within the 
body and these differences in turn may vary from species to species, This 
complicates greatly the problem of the roles of androgens within the body. 

The testes comprise the principal sources of androgens; the principal one 
is testosterone. This organ, furthermore, shows the capacity to extract less 
potent androgens from the circulating blood and convert them to substances 
of increased potency. Numerous observations have indicated the interstitial 
glandular cells to Ire the specific source. Reduction or disappearance of the 
seminal epithelium following x-radiation, ligation of the vasa efferentia, or in 
cryptorchidism has been reported to cause no atrophy of the interstitial 
glandular tissue and no loss of androgenic potency. In the newt, Triton 
cristatus, there is no interstitial glandular tissue in the testes until the ap¬ 
proach of the breeding season. At this time certain portions of the semin- 
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iferous epithelial tissue become transformed to produce a glandular body, 
and this transformation is temporally associated with the differentiation of 
the characteristic seasonal secondary sexual adornments in the male. De¬ 
struction of this glandular tissue is the equivalent of total castration in pre¬ 
venting development of these characters. In the stickleback, Gasterostm, 
there is very close correlation between the annual cycle of differentiation of 
interstitial glandular cells and the cycle of secondary sex characters and be¬ 
havior such as skin-coloration, secretion of nest-building mucus, and mating 
behavior. The latter characteristics in this species, on the other hand, show 
no relationship to amount of spermatogenic activity, That the seminal epithe¬ 
lium is not a significant source of androgen has also been demonstrated by 
removal of the greater part of the testes of cocks and assay of these organs 
after regeneration. The regenerated organs are principally seminal epithelial 
tissue with a great paucity of interstitial tissue, and, correspondingly, there is 
evidence of only little androgen production by such organs. 

These and numerous other experiments indicate that the interstitial gland 
ular cells are the points of origin of testicular androgens. 

Androgens are also produced by organs other than the testes, Male acces¬ 
sory reproductive structures have been maintained in full functional activity 
in castrated specimens by grafted ovarian tissue. Among fowl, the combs 
of both the cock and the hen are stimulated by androgens. The ovaries of 
the hen normally produce enough androgen to maintain a certain degree of 
development of the comb; after ovariectomy there is atrophy of the comb. 
The seasonal yellowing of the bills of both male and female starlings and 
blackening of the bills of male and female English sparrows are responses 
to androgens, estrogens being ineffective in this respect. Black-crowned night 
herons show, during the breeding season, certain changes in plumage colora¬ 
tion common to both sexes, an effect clue to androgens, Many observations 
such as the foregoing establish decisively the ovaries as a site of androgen 
production, 

Another source of androgens is the adrenal gland. Implantation of adrenal 
tissue in young cocks results in precocious development of male sex char¬ 
acters and behavior, Castration of young rats does not result in atrophy of 
accessory genital structures for many days unless there is simultaneously 
complete adrenalectomy. Androgens are still excreted in the urine of ani¬ 
mals after castration. Extracts of adrenal tissue have been found to yield the 
androgens adrenosterone and desoxycorticostcrorie, the latter having an ac¬ 
tivity about the equivalent of that of androsterone, and the former having 
activity of about one fifth of this value. 

There is little evidence of any significant storage of androgens in the body. 
They are usually rapidly destroyed and therefore must be constantly pro¬ 
duced if their influence'is to be maintained. Certain poeciliid fishes 15 ’ 1 can 
be treated with androgens for only a few hours but the activity of the andro¬ 
gens continues for many days. This observation appears to indicate either an 
actual, or an effective storage within the body. The pigmented fat-body of 
the hibernating woodchuck, the so-called hibernating gland, has a remark¬ 
ably high androgen content. The androgens are inactivated principally in the 
liver. The androgenic activity of blood leaving the liver is much less than 
that of blood entering this organ. Products of the inactivation aro both in¬ 
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active substances and androgens of somewhat lower activity, such as andro¬ 
sterone. Estrogens are also commonly produced in the process. These prod¬ 
ucts of metabolic conversion are excreted by the kidney. 

The relation of androgens to the development of the characteristic male 
suspensor organs, gonopodia, and to the smaller body size in male poeciliid 
fishes has been carefully analyzed. 154 Castration of males during the meta¬ 
morphosis of the anal fin into a gonopodium results in immediate cessation 
of the process. Application of androgenic hormones to castrated males or to 
normal females can induce full development of the male characters which 
are typical of the species. It has been shown that progressively larger con¬ 
centrations of hormones are required for consecutive steps in the develop¬ 
ment of the gonopodium, with a concentration of one part of hormone in 
4.2 X I0 10 parts of water being sufficient to induce the first step. The gono¬ 
podium normally develops under the influence of a gradually increasing con¬ 
centration in the blood of androgen from the fish’s own testes. A certain op¬ 
timum concentration is required for normal development of each step, higher 
concentrations inhibiting growth and inducing precocious differentiation. 

estrogens. Estrogen is a term applied to any substance which will pro¬ 
duce the characteristics of normal estrus, including ramification in the vagina, 
in an adult mouse. The estrogens include a number of naturally occurring 
compounds which differ slightly from one another chemically and in ef¬ 
fectiveness: estradiol, estrone, estriol, equilenin, and equilin. The princi¬ 
pal functions of the estrogens are to stimulate the growth and functioning 
of those accessory reproductive organs which are characteristically female, 
to contribute to the production of the conformation of the body which ren¬ 
ders it typically female, including the characteristically smaller size for such 
species as man, and to influence in a characteristic manner the psychology 
and behavior of the organism. 

The exact source of estrogen, within the ovary is still the subject of con¬ 
siderable controversy. Early observations that the follicular fluid was rich in 
estrogen led to the hypothesis that the granulosa cells were the sites of 
estrogen formation. This view has been supported by demonstration that 
these cells contain estrogen. However, destruction of the follicles by x-rav 
does not deprive the ovary of its estrogen-producing capacity under the in¬ 
fluence of gonadotropins. After intensive treatment with x-radiation, the 
ovary comes to consist of little other than interstitial tissue. Gonads of fetal 
horses before follicle formation have proved rich in estrogens. There appears 
therefore to he convincing evidence that interstitial tissue, including the 
thecal cells, produces the hormone, and that there is also a possibility that 
the granulosa and luteal cells manufacture it. It is often difficult to establish 
that a substance is actually formed within a tissue in which it is found, in¬ 
stead of arriving there secondarily. 

The placenta, both the maternal and the embryonic portion, contains 
abundant estrogen of much the same character as ovarian 'estrogen. Further¬ 
more, oophorectomy in certain pregnant mammals does not result in signifi¬ 
cant change in the term of pregnancy or in any permanent reduction in the 
amount of estrogens excreted in the urine. In such cases the symphyses also 
become separated normally, a change ordinarily conditioned by joint action 
of estrogen and progestin. 
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Estrogens are also produced by the testes of males. In fact the tissue with 
the highest known estrogen yield is the stallion testis, in which estrone is 
the substance present. The testicular source appears to lx:, as for the andro¬ 
gens, the interstitial glandular cells. Estrogens have also been extracted from 
the adrenals. 

Estrogens are very rapidly inactivated in the living body. Studies on the 
relation between site of transplantation of ovarian tissue and the physio¬ 
logical actions of the implants indicate the liver to he the principal site of 
destruction. Estrogen-containing blood passing through the liver reappears 
largely free of active concentrations of the hormone. Destruction of hepatic 
cells by carbon tetrachloride permits the hormone titer in the blood to rise 
with expected effects on estrus of the animal. Liver slices inactivate estradiol 
in vitro through the action of some CN-scnsitive mechanism. Progestin, on 
the other hand, diminishes the rate of estrogen inactivation and thus permits 
a higher titer to be maintained in the blood, from which much is then able 
to escape into the urine. 

The kidneys and liver are the principal organs of estrogen excretion, al¬ 
though the relative importance of the two organs is not yet known. 

The organ and tissue changes induced by estrogens are characterized by 
large variations in degree of responsiveness of the different cells and tissues 
to the hormone, thereby giving rise to gradients of response. Also character¬ 
izing the responses is a very high degree of reversibility of the changes when 
the concentration of the hormone declines. Such reversibility of the changes 
is most evident in many of the secondary and accessory sex character changes 
paralleling the reproductive cycles in many species. 

As with the androgens, the specific threshold and character of the re¬ 
sponses. are determined by the inherent cellular characters, as can be seen in 
the unchanged character of the response as the individual tissues are trans¬ 
planted to novel sites within the body. The relation of the response to the 
genetic constitution of the species is seen in reciprocal transplantations of 
feather-hearing skin between the sexes in fowl, resulting in the characteristic 
feather types for the host sex, 

progestins. The progestins include all those compounds exhibiting an 
action on the organism like that produced by progesterone. These substances 
are concerned primarily with those changes in the organism associated with 
pregnancy and parturition. The chief sources of progestin are the 'Corpora 
lutea of the ovary. The source would therefore appear to be cells derived 
from the granulosal layer of the follicle, although some investigators believe 
that thecal tissue participates in lutea formation, It is possible that other cells 
of the ovary also contribute progestins, with perhaps the same cells which 
at other times produce estrogens gradually becoming transformed in the re* 
productive cycle to liberate progestins. 

Progestins are also produced in the adrenals. Not only has progesterone 
been demonstrated in this organ, but desoxycorticosterone also acts as a pro¬ 
gestin. Extracts of adrenals can produce typical progestational alterations in 
the uterus in rabbits if, as a preliminary, they are treated with estrogen. 

The placenta is an important natural source of progesterone, In the mam¬ 
mal the placenta is believed normally to take over after a time the major 
share of production of the normal progesterone of pregnancy. Even after the 
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total removal of the ovaries of pregnant rats sufficient progestin is liberated 
from the, placentae to carry the animals to normal terms. In man this change- 
over of control from corpora lutea to placenta is considered to occur between 
the 79th and the 90th day of pregnancy. 

Progestins are not stored in the body; they disappear very rapidly from 
the blood. Injection of progesterone, or the normal production of this hor¬ 
mone, is followed by the appearance of corresponding amounts of a rela¬ 
tively inert alcohol, pregnanediol, in the urine. The preponderance of evi¬ 
dence. points to the progestational endometrium of the uterus as the prin¬ 
cipal organ concerned in this conversion, which is principally in evidence in 
the progestational phases of the sexual cycle and usually ceases on hyster¬ 
ectomy. Furthermore, it is greatly reduced by injections of estradiol, which 
is known to suppress the progestational condition. That the progestational 
endometrium is not the sole site of the conversion is seen in the excretion of 
pregnanediol in males, and occasionally in females after hysterectomy. 

The corpora lutoa which are formed from the follicles, either without 
ovulation, as in the case of atretic follicles, or after ovulation, vary consid¬ 
erably in the extent, of their development. Their greatest development ac¬ 
companies gestation; lesser development is associated with lactation and 
pseudo pregnancy and the typical corpora lutea of ovulation are still smaller. 
The corpora lutea are dependent for their development on a supply of LH 
from the pituitary. Mammals appear to vary considerably in their need for 
external stimuli to encourage the necessary production of LIT An adequate 
stimulus has been shown to be copulation in the case of the rabbit. Suckling 
and lactation have ken shown to stimulate its production in the rat, and 
psychic stimuli, such as the mere presence of a second individual, have been 
found effective in such animals as the pigeon and the rabbit. That the last 
stimulus is visual, at least for the pigeon, is demonstrated by the fact that 
a mirror image is often sufficient to produce the effect. 

While all investigators are agreed that LH is essential for the initial de¬ 
velopment of the corpora lutea, there is much controversy as to the endocrine 
factors; participating in the maintenance of these bodies. There appears to 
he good evidence from a number of types of experiments that the absence of 
1-SI 1 contributes significantly to their maintenance, and that LH is non- 
essential. Gonadal hormones assist in their maintenance, probably through 
a suppression of FSH liberation by the pituitary. Comparison of experiments 
in which the embryos have been removed, leaving the placenta in situ, with 
those in which the placentae as well are excised, clearly demonstrates that 
the latter organs yield hormonal material which can operate to maintain the 
corpora lutea, These results also appear capable of interpretation in terms of 
suppression of FSH production by placentally-derived gonadal hormones 
That still other factors may contribute to the total explanation is seen in the 
observation that the corpora lutea may be maintained even after complete re¬ 
moval of the fetuses and placentae, provided the uteri are kept distended by 
such inert bodies as pellets of paraffin wax, 

The presence of corpora lutea, at least among the higher vertebrates, ap¬ 
pears to be associated with viviparity. They are said to be absent in birds 
and oviparous reptiles, but present in certain pregnant viviparous shakes, 
such as Crotdus and Bothrops, 
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Relaxin, Relaxin, a non-steroidal substance, insoluble in fat solvents, is 
found within the corpora lutea and can be isolated from the blood of preg¬ 
nant rabbits. It is capable of relaxing markedly the pelvic girdle of a guinea 
pig in 6 to 12 hours after a single injection. Progesterone and estradiol induce 
the secretion of relaxin in female rabbits unless they arc castrated and hys¬ 
terectomized. The latter observations indicate these organs to be essential to 
this response to the gonadal hormones, 

Lactogenic Hormones. The production of milk is an adaptation of all 
mammals and such birds as the pigeon for postpartum nutrition of their 
young. Hence it is not surprising to find that there is a considerable influ¬ 
ence of gonadal hormones on milk-producing glands of the organism. The 
mammary glands of the mammalian fetus become enlarged under the influ¬ 
ence of the hormonal complex of the maternal blood supply, but regress on 
parturition and typically remain so until sexual maturity, when the animal’s 
own hormonal supply becomes adjusted for their development. The mammae 
of some mammals, such as the monkey, Macacus, develop fully under the 
administration of estrogens alone, Other species, such as the rabbit, require 
administration of both estrogens and progestins for similar development. 
Since in many species mammary growth cannot be induced by the foregoing 
hormones after hypophyscctomy it would appear that at least, one additional 
substance, a lactogen from the pituitary, is also essential to normal mammary 
development. 

Whatever the nature of the hormonal complex required for tin- normal 
development of the mammary glands, it is clearly evident that lactogen 
from the pituitary is essential to stimulate the actual secretion of milk. This 
principle in the mammal has been called g alactogen or prolactin, although 
some investigators prefer to restrict the latter term, to the analogous prin¬ 
ciple in the pigeon, which stimulates the production of pigeon s-milk by 
the crop gland. Lactating mammary glands cease activity at once after hypo 
physectoniy, but may be maintained by administration of lactogen and 
either adrenotropin or extracts of the adrenal cortex, Normal adrenal func¬ 
tioning is thus also essential to continued lactation. 

In the normal regulation of lactation it is generally believed < that the estro- 
gens present in large amounts during gestation inhibit lactogen liberation. 
With the disappearance of the estrogens on parturition the lactogen appears 
in the blood. Strongly supporting this hypothesis is the well known observa¬ 
tion that injection of estrogens will rapidly terminate mammary secretion. 

, stimulus of suckling, through some neural mechanism, seems also to 
stimulate the liberation of lactogen, at least in many species. 

Control of. Reproductive Cycles and Behavior. The pituitary gland 
through the production of gonadotropins, is the principal endocrine organ 
through which reproductive activities are governed. We, therefore, with 
reason, look to a study of factors controlling this organ to supply us with 
hmdamenta information a? to the mechanism of control of reproductive 
rhythms and adaptive reproductive responses of the organism to its external 
environment. 

The pituitaries of young mammals are bipotential organs which normally 
develop into either a male or female type, under the influence of the par¬ 
ticular gonad present. The gland is typically a relatively larger organ in the 
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adult female than in the male. Both female and male pituitaries normally 
produce I'SIl and LI I in relatively large amounts. The primary difference 
between male and female pituitaries is one of cycle differences. Ovarian 
implants, but not testis implants, suppress TSH production by the adult 
pituitary in castrated females; in castrated males only testis implants will 
suppress FSH production. Thus, the adult pituitary is differentiated into 
differently responding male and female types, in contrast with its sexually in¬ 
different condition in new-born mammals. 

During the growth of a young mammal there is a gradual increase in the 
production of gonadotropins up to the time of sexual maturity, when the 
gonads are consequently brought to their completely functional state and 



Fig. 284. Diagram representing the major endocrine influences operating during the 
normal reproductive cycle of the adult female mammal. 


[environment]— 

* stimulation 
« * inhibition 

Fig. 284. Diagram representing the major endocrine influences operating during the 
normal reproductive cycle of the adult male mammal. 

their estrogens and androgens contribute to the full differentiation of the 
secondary and accessory sexual characteristics. The animal is now capable of 
normal reproductive activity, This is, in the vertebrates, typically a cyclical 
phenomenon with the periodicity often correlated with the annual solar 
cycle in such an adaptive fashion as to assure the young of a favorable time 
of year for birth and early postnatal development. In some species the re¬ 
productive periodicity bears much less or no relationship to externa] en¬ 
vironmental stimuli and appears to result from a wholly inherent rhythmical 
mechanism, as in the case of the rat, mouse, man, etc, 
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A vast amount of research has been done on the contributions of the 
interactions of endocrine sources to the maintenance of the normal cycles 
of mammals. The endocrine actions and interactions of the major organs 
participating in the normal reproductive cycles are indicated for the female 
mammal in Figure 283, and for the male in Figure 284. 

In the female the pituitary, through FSH production, stimulates the de¬ 
velopment of the ovarian follicles and interstitial tissues, with a consequent 
increase in estrogen production. The rising concentration of estrogen in the 
blood mimics FSH and furthers the ovarian development. At the same time 
the estrogen gradually suppresses FSH production by the pituitary while 
at first strongly encouraging LH liberation by the pituitary. Over a longer 
period estrogen suppresses LH liberation. LH liberated from the pituitary 
stimulates ovulation in many mammals, and in all it stimulates the differen¬ 
tiation of corpora lutea with the subsequent production by them of progester¬ 
one. Some investigators, notably Astwood, believe that LH simply induces 
differentiation of the corpora lutea, an additional pituitary principle, luteo- 
tropin, being needed for stimulating the actual secretion of progesterone. 
Luteotropin is claimed to show many properties very similar to the lacto¬ 
genic principle and may, in fact, be identical with it. Progesterone cooper¬ 
ates with estrogen in the further suppression of the production of FSH by 
the pituitary. In case of pregnancy, the placentae of the developing em¬ 
bryos are activated in the presence of progesterone and proceed to liberate 
substantial amounts of chorionic gonadotropin the activity of whiyh very 
closely resembles that of pituitary LH. This gonadotropin contributes to the 
suppression of production of both pituitary gonadotropins through its stim¬ 
ulation of greater gonadal hormone production. 

The corresponding endocrine interactions participating in the male re¬ 
productive cycle are relatively much simpler. Gonadotropin from the pitui¬ 
tary activates the interstitial and spermatogenic tissues of the testes, with the 
resultant increase in testosterone production in the former. This androgen 
simultaneously stimulates further development of the spermatogenic epithe¬ 
lium and facilitates the influences of both FSH and LIT As the blood titer 
of androgen gradually rises this hormone suppresses pituitary gonadotropin 
production. The decline of androgen production after pituitary suppression 
eventually leaves the latter free to initiate a new cycle of reproductive ac¬ 
tivity. 

i a. few species there tends to be an annual reproductive period at a par¬ 
ticular season of the year, without any regard to any particular factor of the 
external environment. Such an operation of an inherent rhythm has been 
clearly demonstrated for certain organisms which continue to breed indefi¬ 
nitely during the same calendar months after transfer from the northern to 
the southern hemisphere, or vice versa. Other species on similar transfer 
more or less rapidly undergo- a readjustment of their breeding period to the 
corresponding season for their new locality. 101 * The readiness with which 
the organism makes such an adjustment is obviously a function of the rela¬ 
tive degree to which the breeding cycle depends on external factors. 

Of all the external stimuli known to exert an influence on reproductive 
cycles, one of the most definitely influential so far demonstrated is light and 
photoperiodism. 1112 Among certain north temperate zone birds it has been 
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shown that the testis of the male normally reaches a peak of its annual cycli¬ 
cal activity in the late spring. Experiments on male juncos, sparrows, and 
starlings have clearly shown that gradual increase in length of the daily pe¬ 
riod of illumination through supplementary artificial lighting will bring the 
activity of the testes to a maximum at a time not typical for the species 
Properly controlled experiments have shown that it is the light itself rather 
than the resulting longer daily periods of activity or feeding which is the 
actual determining factor. A similar subjection to increased periods of il¬ 
lumination over a period of about two months has been found to bring fe¬ 
male ferrets into estrus in winter, a time at which in their normal reproduc¬ 
tive cycle they are in anestrus. 24 Similar observations have been made on 
mice ( Peromyscus ). 187 Among the fishes the reproductive cycle of the trout 
has also been shown to be importantly influenced by photoperiodism. 70 

In the field mouse, Microtus , the gonads have been shown to diminish in 
size during treatment of the animal with gradually decreasing periods of il¬ 
lumination. 15 

Such experiments as these appear to indicate that the gradual changes , in 
day-length in the annual solar cycle constitute a very effective stimulus in 
determining the normal annual reproductive cycles of many species of verte¬ 
brates. 

In the immature duck whose gonads are normally stimulated by increased 
illumination, it has been shown that pituitaries from illuminated specimens 
show increased gonadotropic activity over those of untreated controls when 
implanted into immature mice. Red and orange lights are more effective 
than other colors in inducing the effect. The eyes are not essential to the 
reaction; direct illumination of the pituitary resulting from illumination of 
the orbit after enucleation effectively activates the gland, When light is con¬ 
ducted directly to the pituitary through a quartz rod, blue light, otherwise 
showing only small influence, becomes quite as effective as red and orange. 
Similar action of light on the reproductive cycle through other routes than 
the eyes has been shown for sparrows, In the ferret, -on the other hand, di¬ 
vision of the optic nerves completely inhibits the action of light, indicating 
the retina of the eyes to be the effective receptor agency involved in this 
species. 

.Nervous connection of the hypothalamus with other parts of the nervous 
system is usually essential to normal sexual functioning. Nervous con¬ 
nection between the hypothalamus and the pituitary is essential for certain 
aspects of control of the reproductive cycle, as for example ovulation in the 
rabbit, but’appears non-essential in numerous other instances, the conduction 
in these latter cases apparently being humoral. 

The temperature of the external environment has been shown to play 
an important role in determining the time of gonadal development and ap¬ 
pearance of secondary sex characters in the stickleback (Gasterosteus), a 
sufficient rise in temperature rapidly inducing these changes. These fish 
show no significant responses to increasing illumination. Low temperature 
and darkness such as normally obtain during its annual period of hiberna¬ 
tion will activate the gonads in the ground squirrel, Citellus, at any season. 

The general state of nutrition of an organism, as well as the sufficiency 
of specific vitamins such as A, E, and the B complex, have an important ef- 
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feet on the reproductive activities of tire animal, although we know too little 
about their roles to attempt any generalizations. 

Invertebrates: Hormones and Secondary and Accessory Sex Characters, 
Many species of invertebrate organisms representing many phyla possess a 
sexual dimorphism which has long been suspected to owe its origin, in some 
measure at least, to hormones comparable to the gonadal hormones of verte¬ 
brates. 71, IIH Even to the present* however, no incontrovertible evidence has 
been advanced to prove this is so. Nevertheless, there are numerous reports 
in the literature suggesting hormones to be playing roles in this regard. These 
come from observations on (1) parallel effects of parasites on gonads 
and sexual differentiations; (2) parallel cyclical changes in the degree of 
gonadal activity and certain secondary sexual characters; (T) results of ir¬ 
radiation of the gonads or of the whole organism with x-rays or radium 
rays; and (4) results of surgical extirpation of gonads. 

It has been observed after operative destruction that the normal regenera¬ 
tion of the copulatory apparatus of planarians requires the presence of the 
gonads, particularly the testes. 15 ’ 1, lr,,i In earthworms which lack the normal 
secondary sex character, the ditellum, it has been observed that their testes, 
but not their ovaries, had been destroyed by the sjtni'ozuan, Mfmocysiis. 
Surgical extirpation of the segments containing the testes, but not the ovar¬ 
ies, was reported by one investigator to be followed by production of a re 
duct'd elitellum or none at all, 7 " whereas similar surgical castration was 
reported by another investigator to be without any influence on either tie 
velpoment of the elitellum or the mating behavior,’ 11, 11 Since differentia¬ 
tion of the elitellum normally commences simultaneously with the begin¬ 
ning of spermatogenesis, it has been suggested 7 * that both of these phenom¬ 
ena may be, parallelly influenced by an extragonadal hormonal factor, al 
though completion of development of the elitellum may In: hormonally de 
termined by a chemical factor liberated by the ripe sperm cells. This lat¬ 
ter hypothesis finds-support in the observation that removal from mature 
Hisvma of the anterior twelve segments containing the seminal vesicles re¬ 
sults in the rapid disappearance of the ditellum and its subsequent failure 
to ^differentiate. 77 

I he periwinkle, Littomm, exhibits an annual cycle of development of 
gonads and accessory .characters. Observations on specimens whose gonads 
were considerably damaged by trematude larval stages revealed incomplete 
differentiation of their accessory characters. *i he copulatory arm, or hccto 
cotylus, of cepbalopods bus been reported as failing to show its character¬ 
istic differentiation after surgical castration, 1 m> 11:1 

I here have been numerous observations on the, influence of parasitic 
castration .of male decapod crustaceans upon the size and forms of the pieo* 
pods, chelipeds, and abdomen which typically show distinct differences be¬ 
tween the two sexes. The partial to complete castration which normally re 
suits from parasitization by rhizoeephalans (parasitic Oirripedia) or bopy 
rids (parasitic isopods), is commonly accompanied by the failure of these 
portions of the body to assume their typical masculine form, the specimens 
approaching the female form in their secondary sexual differentiation. 

I. he interpretations of these results of parasitic castration of male crus¬ 
taceans in general fall into either one of two major categories: (I) those 
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which assume that the presence of the parasite has influenced the. expression 
of the genetic mechanism of sex determination, and (2) those which assume 
that tiit* testes or some other tissue produced an endocrine possessing andro¬ 
genic activity. In support of the first of, these two types of explanations is 
the observation that certain decapod crustaceans normally possess hermaph¬ 
roditic gonads, or are "readily induced to develop them under the influence 
of parasitization. Some species, such as Lemulcr, which show no secondary 
sexual character changes <ui castration may be thought to possess a relatively 
stable mechanism of sex determination, not easily influenced by the parasite,' 111 
whereas others like Upgehia possess very labile mechanisms and conse¬ 
quently show considerable feminization after parasitic infestation. A num¬ 
ber of investigators have noticed that the higher fat content of the blood and 
liver characteristic of normal females is also often observed in parasitized 
males.* 1 It is postulated by these investigators that the parasite imposes 
much the same metabolic demands on the host as are normally made by the 
developing eggs of the ovary, and that associated with the increased fat 
metabolism is the production of a “sexual lormjftive” stuff which parallelly 
influences the development of both the gonads and the secondary &vx char 
.n ins. / 

The second type of explanation of the observed influences of parasitic 
castration in males assumes the operation of a masculinizing hormone. Ac¬ 
cording to this hypothesis the animal alter parasitization does not become 
feminized but assumes a neutral form,, which chances to resemble more 
clearly the lemale than the male. Considerable support is given this view 
in observations on the influence of three species of parasites on the crab, 
Munidit msi, Two smaller parasitic crustaceans, Tmngulus nimeidae and 
/ cimk'tidisi'tis ingolfi, totally nr partially castrate the crab-and produce strik¬ 
ing modifications in the male secondary sex characters; a much larger para 
site, lYmgulus Imdimi, leaves the gonads functional and does not modify 
tin: sex characters. Such observations appear to exclude in these instances a 
direct influence of the metabolic demands of the parasite in inducing the ob¬ 
served changes. Other investigators, however, have failed to find a correla¬ 
tion between the degree of gonadal atrophy and the extent of suppression 
of the male characters and suggest that a tissue other than the testis pro¬ 
duces the hormone in question, 

Another kind of observation suggesting an action of a 'hormone in male 
decapod crustaceans is the seasonal cycle of changes in the copulatory ap¬ 
pendages of the crayfish. These appendages assume a sexually functional 
form (form 1) at the time of the late summer molt, This'is a time when the 
testes are large and active. At the time of the spring molt, a period of low 
gonadal activity, they revert: to a nonfunctional eraulition (form II). Ex¬ 
perimental induction of molt during the winter months when testis activ¬ 
ity is similarly low always produces form II. 111 These observations may be 
equally well explained in terms either of the influence of a gonodal hormone 
on the appendages or of the parallel action of a hormone from some other 
source in the body mi both gonad and appendages. 

Parasitic castration of female crustaceans is in general accompanied by 
little or no change in the general form of the body and appendages. It lias 
been uirserved, however, that the brood pouch of Asellus and that of Daphnio 
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fail to develop after injury to the ovaries by irradiation. In the amphi- 
pod, Gammarus pulex, suppression of the ovaries by a parasitic worm, Poly¬ 
morphs minutus, or by irradiation, has been observed to be associated 
with failure of the typical marginal bristles of the oostegites to develop. The 
ability to develop the marginal bristles was restored parallelly with oogenesis 
after cessation of the irradiation treatments. Female shrimp, Leander, cas¬ 
trated by bopyrids or by x-ray irradiation, showed absence-of development of 
the abdominal incubatory chamber and the special guanophores associated 
with the corresponding abdominal segments. 46 - 98 ’These observations strong¬ 
ly support the hypothesis that in these crustaceans the ovaries may produce 
a hormone normally influencing certain bodily modifications concerned with 
provision for the developing young. 

In insects, despite extensive observations on the effects of parasitic castra¬ 
tion, surgical castration, and gonad implantation, there is no reliable sug¬ 
gestion as yet that gonadal or other blood-borne hormones significantly in¬ 
fluence the differentiation of secondary sex characters. In fact, strong evi¬ 
dence to the contrary is seen in the frequently observed occurrence of gynan- 
dromophism. 

Gonadotropic Hormonal Activity. Many invertebrates,' like the vertebrates, 
show annual or other reproductive rhythms, with periods of sexual activity 
alternating with periods of inactivity. In most instances there is as yet no 
knowledge of the pathways through which the gonads are activated or in¬ 
hibited. 

Some recent experiments have indicated that oogenesis in female shrimp 
of the genus, Leander, is under the control of a hormone originating in the 
sinus glands. 119,12 °- 121 This shrimp reaches the end of its breeding season 
late in the summer, and its ovaries become tremendously reduced in size and 
activity and normally remain so during the fall, winter, and early spring. 

Removal of the eyestalks or even removal of only the sinus glands from the 
eyestalks in such a non-breeding season as September or October results in 
a very rapid increase in weight of the ovaries,,these organs increasing about 
seventy-fold in 45 days .(Fig. 285). Normal eggs may be laid at the end of 
this period. Unoperated controls show almost no increase during the same 
period. Implantation of sinus glands into the abdomens of eyestalkless. ani¬ 
mals will inhibit ovarian development/depressing it even more than is ob¬ 
served in unoperated controls. A similar sort of hormonal relationship between 
the sinus gland and the ovary, with the sinus gland acting as inhibitor for 
ovarian maturation, has been demonstrated for the fiddler crab, Uca, m A 1 

similar situation appears to obtain in the crayfish, 40 
A further reproductive function of the crustacean, sinus gland is ob¬ 
served in the fact that female crayfishes bearing eggs on tfieir pleopods nor- 
mafly postpone their spring molt beyond the time of molting of males, and 
until the young have become free. This adaptive response is apparently the 
result of activity of a sinus gland hormone, inasmuch as egg-bearing females 
after sinus gland extirpation molt as readily as do males. 

The majority of species of insects so far investigated show a hormonal 
relationship between the corpora allata and the ovaries. Allatectomy in late 
larval stages or young adults is accompanied by a failure of the eggs in the 
ovary to undergo their normal growth and development. This has been dem- 


- onstrated for the hemipteran, Rhodnius; m the dipterans, Calliphora , 152 - 168 

Lucilia , Bi ' 182 Sarcophagus and Drosophila™' 1B8 - 109 and the orthopterjms, 
Melanoplus , 128 - 101 and Leucophaea. m Implantation of corpora allata into 
allatectomized individuals restores the ability to produce normal eggs. On 
| other hand, no such relationship appears to exist in the orthopteran, 

Dixippus, 125 ' 127 or in Lepidoptera, 84 Evidence for the humoral nature 
of this relationship was clearly demonstrated by telobiotic experiments in 
| Rhodnius , in which the factor concerned was shown to be blood-borne, and 

by transplantation of the corpora allata into allatectomized individuals, which 
indicated that the corpora allata exert their typical action irrespective of their 
new location. 109 The influence of the active allatum principle appears to 
operate through its influence on the deposition of yolk within the eggs 
rather than on the earlier development of the oocytes. The corpora allata are 



Fig. 285. Rate of increase in ovarian weight in the shrimp, Leander, after: A, eyestalk 
amputation; B, sinus gland extirpation; G, eyestalk amputation followed by sinus gland 
implantation. NV, Normal control. From Brown,® redrawn from Panouse,™ 

apparently essential only throughout the period of oocyte growth and yolk 
deposition of each successive reproductive cycle. It has been shown that al¬ 
latectomy is followed by profound alterations in the general metabolism, of 
Melanoplus , 124 This has led some investigators to support the view that the 
reproductive functions of the principle from the corpora allata are secondary 
to more basic metabolic ones, 

Allatectomy also depresses the growth and activity of certain female ac¬ 
cessory organs in Calliphora, Melanoplus, and Leucophaea, this influence be¬ 
ing independent of the presence of the gonads and hence not operating 
through them. 

There is considerable evidence that the ovary also exerts an action on the 
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corpora allata in female insects. Ovariectomy in Melanoplus, Calliphora, 
and Lucilia leads to hypertrophy of the allata, and perhaps leads tp a func¬ 
tional alteration in still other insects, such as Sarcophaga and Leucophaea. 

Allatectomy leads to less distinct results in male insects than in females. 
The operation in no manner interferes with the production of sperm cells; 
in fact, allatectomized males of Leucophaea show ability to mate with, and 
effectively fertilize the eggs of, normal females. There are reports, however, 
that the male accessory glands of Rhodnius and of Calliphora fail to show 
normal development after allatectomy. Castration of male Leucophaea or 
Lucilia has led to no observable modifications in the corpora allata. 

There is some evidence that the roaches, Blatta and Blattella, produce 
within their ovaries a functional counterpart of the mammalian corpus lu- 
teum, which contributes to normal egg-producing rhythms of these species . 89 
In this rhythm the mature ova are laid in cocoons which are carried about 
at the genital opening of the female. The ovaries are inhibited while these 
cocoons are being borne, but are released to further activity after deposition 
of the cocoons. Implantation of actively growing ovaries into the body of 
cocoon-bearing females is followed by a rapid change qf certain characteris¬ 
tics of the implanted oocytes to resemble those seen iff immature ovaries. 
Extracts of ovaries from animals in the inhibited stage of the normal repro¬ 
ductive cycle yield the same results. Histological examination of ovaries in 
their normally inhibited stage showed the presence of yellowish granules 
in the follicles formerly occupied by the developing ova. 

HORMONES AND GENERAL MAINTENANCE AND METABOLISM 
Intermediary Metabolism: Vertebrates. A number of hormones within 
the body, arising in the anterior pituitary, thyroid, adrenals, pancreas, and 
other organs, cooperate in their activities to help maintain the delicate bal¬ 
ances obtaining in normal metabolism. The exact modes of action of these 
hormones involved in general metabolic homeostasis are still far from com¬ 
pletely known, although the general outlines of their mechanisms of action 
have become clear. 

Much more is known about the intermediary metabolism of carbohydrates 
than about that of the other two major categories of organic substances, the 
proteins and lipids. In the higher vertebrate, at least, the amount of blood 
glucose is maintained within a relatively narrow range of concentration as a 
result of a dynamic balance between blood glucose formation in the liver 
from glycogen stores, on the one hand, and utilization of glucose by. the 
body tissues, on the other. Muscle, despite its large reservoirs of glycogen, 
is unable to produce glucose rapidly enough to maintain normal blood sugar 
levels in hepatectomized individuals. These latter become profoundly hypo¬ 
glycemic. Muscle, however, does contribute some glucose to blood indirectly, 
through the escape of excess lactic acid by way of the blood to the liver, 
where it is converted into glycogen. Glycogen is also, formed in the liver 
from the deaminized products of protein catabolism within the organism, 
this process thus providing indirectly an additional endogenous source of 
blood sugar. The foregoing relationships are depicted in Figure 286. 

The steps in the process of reversible glycogen formation from glucose 
and the enzymes concerned have been considerably elucidated 60 (see also 
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Chapter 8 ). Glycogen is reversibly broken down to produce glucose- 1 -phos¬ 
phate under the influence of an enzyme phosphorylase, a process which has 
been referred to as phosphorolysis because of its similarity to hydrolysis. In 
phosphorolysis H 3 PO 4 participates in the reaction in a manner comparable to 
that of H 2 O in hydrolysis. Under the influence of the enzyme phosphoglu- 
comutase the phosphate group is reversibly shifted within the molecule to 
the 6 -position. The resulting glucose- 6 -phosphate is reversibly split by the 
action of phosphatase to yield glucose and inorganic phosphate. Glucose- 6 - 
phosphate and fructose- 6 -phosphate, with which the former comes into equi¬ 
librium under the influence of the enzyme isomerase, comprise the primary 
substrates in the aerobic and anaerobic energy-yielding oxidative metabol¬ 
ism of carbohydrates. 

A number of endocrine glands in the mammal are known to influence 
the intermediary metabolism of carbohydrates and consequently the carbo¬ 
hydrate contents of body tissues. Adrenin, from the adrenal medulla, ele¬ 
vates blood sugar by accelerating the formation of lactic acid from glycogen 
in muscle and of glucose from glycogen in the liver. In muscle, after adren- 
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Fig. 286. Diagram representing the gross metabolic transformations of carbohydrate in 
muscle and liver occurring in the higher vertebrate. 

alin administration, hexose monophosphate increases and inorganic phos¬ 
phate decreases. It would appear that adrenalin increases phosphorylase ac¬ 
tivity, since this is the predominant reaction common to both muscle and 
liver in these changes. Adrenalin accelerates this reaction only in living 
cells, being ineffective in enzyme solutions. 

Insulin from the islets of Langerhans of the pancreas appears to affect 
carbohydrate metabolism primarily through acceleration of the change, glu¬ 
cose to glycogen, in both muscle and liver . 100 Insulin is not essential to this 
process at high blood sugar levels but is essential within the physiological 
range of blood sugar concentrations. In fact glycogen may be formed from 
glucose even in hypoglycemic animals, after insulin treatment. There is 
also some evidence that insulin has an inhibitory action on adrenalin-accel¬ 
erated phosphorolysis in the liver. 

Hormones of the adrenal cortex influence the intermediary metabolism 
involving carbohydrates in mammals. 85 ’ 105 After adrenalectomy rats and 
mice may be maintained in health by administration of sodium salts and 
glucose. However, such individuals, when fasted, suffer a rapid drop in 
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stored glycogen in the body and in blood sugar, and exhibit greatly decreased 
nitrogen excretion, the latter indicating decreased protein catabolism. Con¬ 
versely, after injection of cortical extracts normal specimens show an increase 
in both stored glycogen and blood sugar, while exhibiting increased nitrogen 
excretion. Since these changes occur even in fasting specimens, it is reason¬ 
able to consider that all the carbohydrate increase has occurred at the ex¬ 
pense of body protein. In fact, the amount of nitrogen excreted tinder these 
circumstances appears to be of the proper order of magnitude to render this 
explanation highly probable. 

In partially depancreatized rats with glycosuria maintained by appropriate 
feeding, adrenalectomy is followed by a marked reduction in glycosuria, 
which may be restored to its original high level by cortical extracts. Hy- 
pophysectomy of depancreatized or normal rats is also accompanied by carbo¬ 
hydrate reduction in the body, an effect which may in part be reversed by 
administration of cortical extracts. It would therefore appear that at least a 
part of the influence of the pituitary on carbohydrate metabolism is exerted 
through its adrenotropic factor, Qf tire cortical principles, corticosterone and 
dehydrocorticosterone influence carbohydrate metabolism much more strongly 
than do desoxycorticosterone and progesterone, although the latter are very 
influential in maintaining the electrolyte balance and life of the organism. 

It would appear from the available evidence that the adrenal cortex influ¬ 
ences carbohydrate metabolism largely through the stimulation of produc¬ 
tion of carbohydrate at the expense of protein. 

The thyroid of the mammal through the action of its hormone, thyroxin, 
exerts a powerful influence on the basal metabolism and hence on the oxida¬ 
tion of such normal substrates' as hexosemonophosphate. Its mode of action 
would therefore appear to be through the activation of those enzyme sys¬ 
tems which limit the rate of the process—probably dehydrogenases. 

A number of principles from the anterior lobe of the pituitary influence 
various aspects of intermediary metabolism . 181 • 83 Through the action of a 
pancreatropic principle the normal amount of islet tissue and hence of nor¬ 
mal insulin production is maintained. An adrenotropic principle is essen¬ 
tial to continued normal production of carbohydrate-influencing cortical prin¬ 
ciples. A diabetogenic principle is believed to inhibit insulin secretion and 
hence give rise to the characteristic symptoms of diabetes—namely hyper- 
g ycernia, glycosuria, and ketonuria, Through a thyrotropic principle the 
thyroid is caused to continue its normal production and liberation of thyrox¬ 
in. Uther principles of anterior pituitary origin which more questionably 
possess separate identities are believed by many to influence metabolism more 
direetjy. A heat-stable glycotropic principle appears to act as an anti-insulin, 
saving no influence on metabolism apart from its action relative to insulin. A 
g ycostatic principle may retard or inhibit the oxidation of hexosemonophos¬ 
phate. A ketogenic factor (possibly identical with the glycostatic, adreno¬ 
tropic, or diabetogenic factor) is believed to influence fat metabolism in such 
a manner as to result in the production of ketone bodies, organic acids 
characteristically found in the blood of diabetics. 

The observation of Houssay and his associates that removal of the an¬ 
terior obe of the pituitary from depancreatized mammals diminishes the 
intensity of the diabetic condition of these animals, thereby demonstrating 
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a diabetogenic action of the pituitary, has been confirmed in lower verte¬ 
brates. Removal of the whole pituitary or of only the anterior lobe in toads 
ameliorates pancreatic diabetes . 144 The anterior lobe of the dogfish, Muste- 
lus, possesses a similar principle . 2 Hypoglycemia follows hypophyseetomy 
in this fish, tin effect reported as following removal of only the anterior lobe. 
Furthermore, removal of the anterior lobe decreases the severity of diabetes 
experimentally induced in these fishes by removal of the pancreas. 

Experiments involving thyroid administration to fishes appear to indicate 
that this hormone has no influence on 0 *. consumption in the guppies and 
goldfish .™' 145 Treatment with thiourea does not significantly alter 0* con¬ 
sumption in Futululns. 11 '' 1 Injection of extracts of thyroid glands of Bermuda 
parrot fish increased ()•> consumption in white grunts, but only when the 
latter fish weighed more than about 15 grams . 147 As in most fish, adminis¬ 
tration of thyroid to liana pipiens tadpoles prior to changes of metamor¬ 
phosis resulted in no alteration in 0 3 consumption . 76 In adult liana pipiens, 
on the other hand, administration of thyroid increased 0 « consumption sub¬ 
stantially , 1,1,1 and if the animals were kept at temperatures higher than about 
IT 1 C. caused reduction in body weight. Among the reptiles and birds the 
effect of thyroid administration on the basal metabolic rate appears quite 
similar to that observed in mammals. Pigeons show a marked reduction in 
basal heat production after complete thyroidectomy . 110 

Young Python, during long-continued thyroid feeding, show greatly in¬ 
creased excitability and weight reduction . 100 

A further suggestion that endocrine control of intermediary metabolism 
of fishes differs markedly from that in higher vertebrates is seen in the com¬ 
parative effects of adrenalin on .0* consumption. Whereas administration 
of adrenalin to normal mammals produces a considerable elevation, in the 
fish Girelht there is only a reduction, and this latter occurs only in response 
to doses which are huge in comparison with effective doses in the mam¬ 
mal. 14 " 

Invertebrates, There is no conclusive evidence that any of the hormones 
of the vertebrates which have a definite influence on intermediary metabol¬ 
ism within that group have any comparable actions in any invertebrate, It 
seems well established, however, that among the arthropods, at least, hor¬ 
mones do have an influence on general metabolism. Removal of the eyestalks 
or of the sinus glands of these stalks of Cmnharus is promptly followed by an 
elevation in basal metabolism, as evidenced by the observed increase in 0 * 
consumption . 141 This can be reduced by injection of aqueous extracts of 
tho glands. Injection of extracts of eyestalks of Uca, the fiddler crab, into 
CallimM, the blue crab, results in a rapid rise in the blood sugar from 
about 20 mg ./100 cc. to more than 80. a The maximum is reached in one 
hour, and then there is a slow decline to normal. This latter action has been 
attributed to the presence of a diabetogenic factor in the crustacean sinus 
gland, and recent work has confirmed this conclusion for the spider crab 
l,ibinia, m 

In the grasshopper, Melanoplus, the corpora allata appear to be essential 
for normal fat metabolism in the female . 124 The female in adult develop¬ 
ment first shows a rapid rise in fatty-acid content and much fat storage in 
the fat bodies. This period, also one of the early growth of oocytes in the 
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ovary, is followed by a period of rapid yolk deposition. During this latter pe¬ 
riod the fatty stores are rapidly reduced and stabilized at a new lower level. 
These changes occur in a closely similar manner in castrated animals, indi¬ 
cating that the control of these changes resides outside of these organs. How¬ 
ever, when allatectomy is performed in young adult females, the operated 
animals continue to deposit fat for a long time, the fat bodies becoming tre¬ 
mendously hypertrophied. It would thus appear that during normal develop¬ 
ment of the corpora allata these organs undergo an endocrine alteration with 
respect to factors controlling fat metabolism, in a manner directly adapted to 
normal yolk deposition. Furthermore, in castrated but otherwise normal fe¬ 
males there is observed an accumulation of non-fatty material which docs 
not occur in allatectomized-castrated specimens. This suggests that the cor¬ 
pora allata are responsible for the accumulation of "precursory materials’’ 
normally used up in the production of yolk but which, in the absence of 
the ovaries, are forced to accumulate in other regions of the hotly, such as 
the hemolymph. 

Water and Salt Regulation. The maintenance of the normal water con ¬ 
tent and the characteristic percentage compositions of various essential inor¬ 
ganic constituents in the blood, tissue, and intracellular fluids is dependent 
on a regulation of the relative rates at which these materials enter the lardy 
and leave it, and also on a regulation of the distribution of the materials 
among blood, tissue fluids, intracellular contents, and storage reservoirs. Im¬ 
portant participants in such regulatory roles are a number of endocrine or¬ 
gans of the body of the mammal, notably the pituitary, the adrenal cortex, 
the parathyroids, and the kidneys. 

Extirpation of the cortical tissue of the adrenals of the mammal is rapidly 
fatal . 85 There are an increase in the rate of loss of sodium and chloride ions 
in the urine and a decrease in the rate of their absorption from the gut. 
Potassium ions accumulate in the blood. These effects of adrenalectomy may 
in some measure be compensated by administration of a diet low in pitas- 
sium and high in sodium. Sodium salts appear to leave the cells of the tis¬ 
sues as well. In the absence of the cortex the water content of the blood de¬ 
clines, the blood becoming concentrated as water passes to the tissue fluids 
and also out of the body through the kidneys. Administration of extracts of 
the cortex, and especially of one of the numerous steroids isolated from it, 
namely desoxycorticosterone, prevents occurrence of these changes in com* 
pletely adrenalectomized individuals. These hormones apparently diminish 
the absorptive capacity of the gut, kidney tubules, and tissue cells for so¬ 
dium and chloride ions. 

The parathyroids, through the action of their hormone, parathormone, 
are essential to the maintenance of the normal calcium and phosphate ion 
content and distribution within the body . 151 In this role the hormone fum;- 

ti °T u a J° 5 h o 0vernin 8 tlie movement of these ions between bone 
and body fluids. The presence of the hormone favors the movement in the 
direction of the blood; its absence favors movement from blood to bone. TIu- 
hormone also appears essential for the normal resorption of these ions by the 
hdnep tubules. In its absence the ions are largely lost from the body tlttLl, 
lidney filtration and a subsequent failure of resorption of these ions by the 
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tubules. Parathyroiduloniy is rapidly lethal; there is a rapid decline in blond 
calcium and finally death in tetanus. 

He posterior lobe influences the rate of water loss through die kidneys. 8 " 
Destruction of this portion of the pituitary results in an increased urine How 
and an increase in the consumption of water bv the organism (dialwies in 
sipidus), A hormone, the antidiwrrtic principle, is essential for the normal 
extensive water resorption by the kidney tubules. 

I he kidney, on reduction ol its blood supply by anv means, liberates a 
«™ in pwrtci". rt'tiin, into the blood,"M* h a }n(ltt ,,j yl|l . vmym{1 

winch acts on a serum globulin, hypeitensmogeii, eon verting it into a hat 
turn, nyperteiisin. Hypertensin, a powerful agent in elev.iting’blood pressure 
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Fin. 287. Di,gr« nmmmw I Infante, of hmm on mmmm rf lhe Mmi( , 
water and wit balance ti the mammalian organism. 


withm the amma 1 , appears to be a protein derivative of polypeptide chaw 
ter which is normally destroyed slowly in the blood stream In* an enzvme 
bypertenstnase. The production of renin by the kidney would Mm m 
pear to be an adaptive reaction to assure the organism of sufficiently high 
b ^ F ?r t0 ^ 3tk l uatc Unction. ' 8 

Most of the more important influences of hormones on water and salt bal¬ 
ance are dtagrammaticaliy portrayed in Figure 287. 
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HORMONES AND GASTROINTESTINAL COORDINATION 

In the mammal the integration of the activities of‘various parts of the di¬ 
gestive system in dealing with ingested food is in part endocrine in char 
acter.' 14, (18Bi The major hormones and their general sites of formation and 
regions of action are shown diagrummatieally in Figure 288, 

The pyloric mucosa on appropriate stimulation secretes into the blood a 
hormone, gastrin, Non-innervated, transplanted gastric pouches are caused 
to secrete in response to the presence of food in the stomach of the animal. 
For a long time gastrin was believed to be identical with histamine, hut it is 
now known that histamine free extracts of the pyloric mucosa will stimu 
late secretion of a highly acid gastric juice with very little peptic activity and 
simultaneously stimulate pancreatic secretion. By fractional precipitation the 
gastric stimulant, gastrin, has been separated from the activator of the pan 
creasj the latter resembles very closely the secretin obtained from the duo¬ 
denal mucosa, Gastrin and gastric secretin appear to have protein like prop 
erties. 



Fig. 288. Diagrammatic representation of the sources and points of action of the 
principal hormones operating in gastrointestinal coordination. 

The duodenal mucosa quantitatively stimulates the pancreas to liberate 
its digestive juice through action of the hormone secretin. It was formerly 
thought that secretin stimulated mainly the secretion of water and bicar* 
honate by the pancreas and that the production of enzymes was nervously 
controlled, but no consistent data were obtained to support this hypothesis. 
The variable concentrations of enzyme in pancreatic juice that have been 
reported to be produced in response to secretin injections appear to find 
their explanation in terms of the presence of a second hormone in the crude 
extract. One fraction stimulates the secretion chiefly of water and inorganic 
salts from a denervated pancreas, A second fraction will stimulate pancreatic 
enzyme secretion. The active factor of this latter fraction has been termed 
pancreozymin. 
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Another active principle from the duodenum, and one which lists ham 
separated limit male secretin extracts, is eholeeystukinin a powerful agent in 
producing gallbladder contraction. 

A fourth I actor, enferngnstrotie, has haw isolated from the duodenal mu- 
eosa. Crude extracts containing this factor inhibit gastric secretion and gas¬ 
tric motility, hut, alter purification, the extract largely loses the latter ca¬ 
pacity. f lit* activity ul enterugastrone therefore appears to he principally 



f 2H9 Rmiiiitn the retinal pixmimts hi the nriimiitidium of tin- eye uf the shrimp, 
IVWnmiirler, I., in the lijdit adapted state, I), in tin* dark-adapted state, and 1% alter 
injetitMn nf cyrudk ritraci into a dark adapted specimen kept in darkness, C, Cornea; 
lib, diswl rrtinal pigment; FF, proximal retinal pipietit; HI’, relktitiK pigment; Ml, 
thakimn and BUI, Iwsermmf membram*. From Kldnhnk 1 " 

anfimietory, and since in the presence of entcrogastrorie the gastric juice 
produced under the inHttence of gastric stimulants such as histamine is low 
in acid content and rich in pepsin it would appear that enterugastrone pref 
crentiallv inhibits the arid-set reiing parietal cells of the stomach. 

Other gastrointestinal chemical coordinators have 'ken: proposed m-the' 
basil of brief experiments hut these appear to have a more questionable ex 
istemt* than the aforementioned urn's. 

HORMONES AND PIGMENT-CELL ACTIVITIES 
Integumentary Chromatophores. The roles of hormones in the control 
of the integumentary color changes in cephalopods, crustaceans, insects, fishes, 
amphibians, and,reptiles have been dealt with at some length in Chapter 
21 and will not be reviewed here, 

Retinal Figment Migration. The movements of pigments within the eyes 
of many animals such as : vertebrates, insects, .and crustaceans, contributes im* 
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portantly to the mechanical adaptation of these organs to changes in light 
intensity. Only among the crustaceans, however, has clear evidence ben 
presented that hormones tire involved in the control of these movements (see 
Chapter 11, p. 388). 

The compound eye of crustaceans is made up of a number of units, the 
ommatidia (Fig, 289). Each ommatidium possesses three functionally dis- 
tinct groups of pigments. The distal retinal pigment, melanin, is located in 
cells which surround the distally placed dioptric apparatus of the omma- 
tidium. In the dark-adapted eye this pigment occupies only a distal posi¬ 
tion; the pigment disperses proximally in daylight to envelope the whole of 
the ommatidium as far as the, retinula elements. The proximal pigment, 
which is also melanin, is located in the, retinula cells and migrates to a po¬ 
sition proximal to the basement membrane in the dark, at night, and distally 
to meet the distal retinal pigment in daylight. In the light-adapted state the 
whole ommatidium is therefore enclosed in a light-absorbing sleeve of pig¬ 
ment. A third pigment, the reflecting white, appears to b paniculate guamn. 
In darkness this pigment occupies a position surrounding the retinula ele- 
ments, thus constituting a functional tapetum. It migrants to a position proxi¬ 
mal to the basement membrane in daylight. 

_ Investigations to determine the extent: to which the pigment cells of the 
right and left eyes of an individual are capable of independent respmses to 
illumination have led to various results. The more recent experiments of 
this type have led to the conclusion that there is at least a partial inter¬ 
dependence between the two eyes, a darkened eye becoming more or less 
light-adapted when the contralateral eye is subjected to Illumination, 83 Num¬ 
erous observations have also indicated that one or more of the retinal pig¬ 
ments of numerous species of crustaceans may undergo diurnally rhythmic 
alterations in' their position in animals kept in constant conditions in respect 
to illumination, especially in constant darkness, 23 - 1 «- Lewder kept on an 
illuminated black background has ben observed to show a dorso veniral dif¬ 
ferentiation in position of retinal pigment, apparently the result of the con- 
sideraWy lesser illumination of the ventral than of the dorsal elements of the 
eyes These various responses of the retinal pigments appear to suggest 
that the control of the retinal pigments is not a simple one, hut probably in¬ 
volves a direct reaction of the retinal pigment cells to illumination and, m 
addition, endocrine and possibly also nervous activities. 

There appears to be good evidence that the sinus gland of the eyestalk 
gffe i™ ^fh influences the position of the retinal pigment.* 1 
’ r J* 8 ken ^^/fnal pigment hormone or RPH» Injection of 
extracts of the eyestaiks of light-adapted Pakemnm into dark adapted 
specimens kept m darkness induces in the latter a movement of the distal and 
reflecting pigments to the position characteristic of the light-adapted state. 

Jnplj .°\ aI crustacean ; which have ben examined show the pres- 
ence of RPH in larger or smaller quantities. That this hormonal principle 

d n ret f al m0V “ * Seated l 
he fa t that extracts of eyestalks taken from light-adapted individuals show 

Vf re3ter RP ? Cc f tent £han do e yestaiks taken from dark-adapted 
flowever, u has been reported that the diurnal variation in reLl 
pigments of certain grapsoid crabs persists even following removal of the 
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sinus glands. 1 Iu More recently evidence has been presented to supjKirt the 
view that a hormone from the sinus glands contributes at least in part to the 
control of the distal retinal pigment of Lewder, m 
I he retinal pigments of (urnhums show different thresholds of response 
to KPH. JIU In low concentrations of the hormone only the distal pigment 
is influenced; with higher concentration both distal and proximal retina! 
pigments move to the light adapted state. 

I lie origin of RPH is the sinus gland of the eyestalk. T his organ, when 
extracted alone, is able to induce a strong retinal pigment response. No other 
tissue or organ of the eyestalk approaches it: in effectiveness. 

The retinal pigment hormone, of the sinus gland will withstand boiling, 


as in the case of the sinus gland chromatophorotropins, but nothing else is 
yet known of its properties, i here is ample reason to believe that it is not 
identical with any of the dominant chromatophorotropins, inasmuch as the 
pigmentaly system of the integument ordinarily undergoes its complete gam 
ut of activities in color changes in response to illuminated backgrounds while 
the eye remains continuously light adapted."" This latter is true despite the 
fart that the threshold of response oi the retinal pigments to eyestalk ex 
trad is substantial^ higher than the threshold of response to die body 
eimaiMtuphoies, Sudi a situation obviously could not obtain were RPH 
identical with one of the dominant ehromatophorotropins, 

A search for a possible comparable endocrine influence on the state of the 
retinal pigments of the insect, h.pfmstia, disclosed no evidence of such an err 
doerine activity,™ Injection of extracts of the heads of light adapted moths 
into either dark or light adapted specimens produced no modification in the 
state of tin* pigments, Extracts of crustacean .sinus glands also showed no ac¬ 
tivity on the retinal pigments of the ninth. 

Hu* movement of pigments and the changes in lengths of the contractile 
fibrils (myoids) of the rods and tones of the eyes of lower vertebrates have 
long ben known, hut there was no reason to suspect that they were other 
than direct respnsex to light until it was shown tlnu the lengths and posi¬ 
tions of the rods and cones of the eyes of ratfishes kept in constant darkness 
still undergo a diurnally rhythmic change. lll!l It is not yet known whether 
the control of. these changes involves chemical coordinators or only nervous 
activity, 

Coloration ami Seasonal Color Changes of Birds and Mammals. Among 
the numerous sjaries of birds which show differentiation of lien and cock 
plumages a wide variety of mechanisms are involved. 33 - 88 In the English 
sparrow the control of plumage type is exclusively genetic. Among the pheas ¬ 
ants, the plumage type is determined by simultaneous action of genes and 
hormones. In perhaps the majority of birds, however, the plumage typical 
of one sex is neutral; that of the other sex is determined by blood -borne her 
moots In the common domestic fowl the neutral-type appears to b the cock 
plumage, with the hen type the result of action of estrogens. In African 
weaver finches, the neutral type is the hen plumage; the cock plumage is 
the result of action of hv|x«phy$eaf hormones. Only in the herring gull, 
among the birds thus far studied, dues' the cock typeuf plumage depend on 
action of androgens. 32 

In. the majority of common birds the adults undergo a rather complete 
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post-nuptial molt immediately after the breeding period; the new regenerat¬ 
ing plumage becomes the winter or eclipse plumage. A second, usually much 
less extensive molt, the pre-nuptial, occurs in the spring, The regenerating 
plumage constitutes the breeding or nuptial plumage, This latter molt is most 
extensive in those species which exhibit conspicuous breeding coloration. 
The times at which birds assume the nuptial and winter plumages are gov¬ 
erned by a number of factors. In some species, such as the African weaver 
finch, Pyromelanox, and the starling, the changes appear due to an inherent 
cyclically rhythmic hypophyseal activity, in although the occurrence of the 
rhythm may depend in part on length of daily light periods/ 1 - **• 1(12 Some 
other species, such as mallard ducks, Anas pbtyrhyneka, the white-throated 
sparrow, and the bob-white, can be induced to molt and undergo a plumage- 
type change at a time other than their regular season by subjection to arti¬ 
ficially increasing or decreasing light periods. Therefore, the annual plumage 
changes of most birds, like migrating and breeding activity, appear to be con 
trolled in good measure by the annual cycle of day lengths. 

Certain northern birds and mammals show a seasonal color change from 
brown in summer to white in winter, The times of these changes in such 
forms as the ptarmigan, Lagopus 81 the ermine, Mustek™ and the varying 
hare, Lepus } m have been shown to be determined by the seasonal changes 
in day lengths; the animals could be caused to whiten out of season by ap¬ 
propriate experimental alteration of the daily lighting. Experiments involv¬ 
ing masking of the varying hare 107 indicate that the eyes are the normal re¬ 
ceptors, Both in the natural cycle of color change and in color changes in¬ 
duced artificially by modification of illumination, the varying hare is phys¬ 
iologically brown when large amounts of gonadotropic hormones are pres¬ 
ent in the blood and is physiologically white when these hormones are low in 
concentration. Molting in a physiologically brown animal is followed by 
production of brown hair; in a physiologically white one, by production of 
white hair. Extracts of whole pituitary containing gonadotropic hormones 
will convert physiologically white animals into physiologically brown ones 
and simultaneously induce shedding of the white hair. Hypophysectomy in 
ferrets abolishes the cyclic molting.* 1 . » No endocrine gland other than the 
pituitary appears to be involved in these color changes. Castrated and thy 
roidectomized hares undergo the normal seasonal color changes, 107 

HORMONES AND BIRD MIGRATION 

Some years ago it was postulated that the migrational behavior of birds 
was under he control of hormones from the gonads. 126 ' 180 * Northward 
migration of birds in the northern hemisphere was considered a result of the 
recrudescence of the gonads in the spring; regression of the gonads after the 

no htL SeaS ° n T C ° rre Wkh mi8ration southw ^' In the junco, the 
no thward migration appeared correlated with periods of greater interstitial 

dependent of gonadal regression, as indicated by castration, In the European 
starling, northward migration appeared correlated with gonadal secretion and 
soudiward migration with absence of secretion/ 2 '« 8 d 

Other evidence seems to indicate with moderate clarity that chances in 
gonadal actmty are not causally related to migrational behavior. Reni ol 
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KT ,|S ** "“W* ..i'll rnigrati.I Wtavior." Furthermore many 

birds migrate tvlule they are still sexually immature."* Migrant iiincos a 
,unu as Miijyis two months alter their normal time of migration would 
still move tun thward on release although their gonads were already in breed¬ 
ing mid noil. Birds retained m their wintering grounds during the sum¬ 
mer, and rims prevented (mm spring migrating and breeding, nonetheless 
underwent the typical gonadal regression and fat deposition observed in 
birds preparing for the annual fall migration. 

Examination ol the pituitaries of juneos showing increase in testis size, 
and ol birds later during breeding, revealed cytologieal evidence of much 
more active secretion ol this gland than during the winter when testis size 
was minimal, f urthermore, injections of antuitrin G containing several an- 
tenor lobe principles will induce a condition- .increased gonad size and 
heavy tat <Kprititin--wliK.il resembles closely those characteristics in a bird 
ready to migrate. I hew observations strongly suggest that the pituitary is 
an important conditioning agent lor migration/ 7 " 

, Witliin Bwn y "l birds, including juneos, it is possible to differen¬ 
tiate two types of individuals, Some individuals are normal migrants, and 
utheis am non migrants or residents. These two types an sometimes be 
clearly differentiated into morphologically different subspecies or varieties, 
whereas again they may comprise quite similar individuals. An individual 
bird may Wong to both typ-s at different times during its lifetime. There 
appears to he good evidence that similar treatment of "residents" and "mi¬ 
grants with me teased light periods will result in gonadal recrudescence in 
hnh instances, yet only tiie migrants will exhibit fat deixsition ami subse¬ 
quent migration. 

fiueh ohservatmns as these lead to the concept that an inherent potentiality 
to migrate exists in certain birds, but that the behavior patterns which init¬ 
iate ami carry out the migratory flight are activated or influenced by season¬ 
ally varying external factors, principally temperature,* 1 * w (see p. 371) and 
changing day lengths. 1 hew factors appear to «jK*rate initially by way of the 
antrrmr Iw of the pituitary 8 * 1 lor monos from this organ then gradually alter 
the physiological state of the bird, one or more of these latter alterations prob¬ 
ably serving as the immediate stimulus to migration. The data suggest that the 
fundamental alteration in physiological state involved here.is the deposition 
of tat which would provide the energy for the migrational flight. 

GENERAL CONSIDERATIONS 

In any comparative survey of endocrine mechanisms one is impressed by 
the to that, in. all those animal groups in which endocrine systems .have 
differentiated, the same general types, of functions are king subserved by 
them. In the two very widely separated animal groups, the Arthropods and 
tire Vertehrata, which ate considered by most ztsobgists to possess no com¬ 
mon ancestry short of relatively primitive 'forms of life, wc see the same 
general distribution rtf coordinator)* ■functions between nervous and eit- 
(Jottinc systems, In both groups growth, differentiation, reproduction, mete-. 
bltsm, and pigment celts are influenced by hormones, In brief, the endo¬ 
crine system; teems to influence, primarily those functions in which . the . 
time to induce a response is long (as in those activities involving growth 
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and cell differentiation), those processes in which the controlling influence 
needs to he maintained over long periods of time (as in the control of gen¬ 
eral processes in basic maintenance and metabolism), and situations in 
which effector organs are maintained in one or another condition for very 
long periods of time (as with chromatophores). 

Within even relatively large natural groups of animals there is commonly 
a lack of specificity of the hormonal substances, Among the vertebrates, hor 
mones such as the gonadal hormones, insulin, thyroxin, and others seem 
rather widely distributed, typically producing within any species a type of 
response characteristic for that species. Similarly, among the insects, the 
juvenile hormone and the GD hormone (see p. 733) appear interchangeable 
among the various species, and often even among orders. The same situation 
appears also to obtain for the chromatophorotropins, retinal pigment hor 
mone, and molt-inhibiting hormone among various species of the Crustacea. 

Beyond these groups little is known as to chemical or physiological simi¬ 
larities of the active principles. I he corpora eardiaea of insects yield a prin 
ciple highly active on the chromatophores of crustaceans. A rather extensive 
literature has developed regarding the influence of invertebrate hormones 
on vertebrates and especially of vertebrate hormones On invertebrates. 7:1 ■ m 
Much of the work is confusing and contradictory and gives us little reason 
for believing that the results have anything other than interesting pharma 
coiogical value. The vertebrate chromatophorotropin, intermedin, and the 
crustacean hormone, (11)11 (see p. 698), appear qualitatively to resemble 
one another m their chromatophorotropic action and in many of their nhysi 
cochemical properties, 1 A critical examination, however, gives us strong 
reason for believing they are not identical, ;n 

. ^ 1C nervous s y stems °1 a wide variety of animals show histological and, 
in certain cases, good physiological evidence of the differentiation of en¬ 
docrine cements or neurosecretory cells”" Such cells occur in certain pur- 
ions o the nervous systems of worms, molluscs, arthropods, and vertebrates, 
in the last group, they are located in the nucleus prcopticus of fishes and am 

ftS*," wtr midd («ricu!am 

( reptiles and mammals. Only among certain invertebrates is there evidence 
of a functional role of these neurosecretory cells within the organism. The 

“ST bd 1 (i thc iM br ; lin kww large neurosecretory 
ce! and the endocrine activity of this part of the nervous system inis al¬ 
ready been described. A certain chromatophorotropieallv active agent for 
crustacean chromatophores has been found* to have a c pmZXtU 
tm in the nervous system of Umulus closely paralleling the frequency of 
neurosecretory cells known to occur there'« Certain large ganglion Llfs 
' n r elld ;, glve a cjiromaffin-staming reaction characteristic of adrenalin- 
nxluang issues, and extraction and assay of such nervous tissue gives ml 
tm physiological tests for adrenalin. * 

It is interesting to point out that the insect corpora cardka and alka are 

mnm’ V m T d Wld ' tk> ne ! VmiS * y * tm that thfi y "» formerly known 
respectively as the anterior and posterior esophageal ganglia- the conxira 

eardiaea contain ganglion as well as secretory cells. Th/sinus eland 
tons appears to be a derivative of the 

cntral nervous system, as does also the glandular source of the hormones of 
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5“fcTfTVTr"*"" 1 “ f ( ;T ?r* tlK 

ir m) I t • lt,be 0i the I ,iluitar y aw considered to he 

d i vul tinbryoiogn,silly from nervous tissue. Thc latter is believed to he ho¬ 
mologous with the neural gland of tunicatcs, which, however, in addition to 
liostesing oxytocic pressor, and melanophnre activating agents, appears also 
to ban some gonadotropic activity. 

In krirf, ii mml,I smn .hnt has bmi an evolution of certain 
r* T a , r.T a , 11 mm « ®«lu«iki func- 

“ "I ! Tf"'V l,C ,:, ' n ' ra ra ' rv ‘ ,ls s > ,stm ' »condition 
" I ' ldls *"«»> fumtkm while still retaining the func 

" '“" r . .. i« which the alt, have become 

spuwhrnl hi, rataraw activity alone, hi thc last instance's the cells have 
,Ilium, inly Ira.me scpatawl limn the mam system to form dclinile clan 

1 " 1,,ms "! ,,I il ,lllSi I" **k “KWdmtt as the urthnipuds, which possess 
iijH'ii cmttlatiny system, no taler access to a rich hemolymph supply 

! 1 111 **' 111 die nrganisni than the surfaces of the 

mitral nevous „, K1 ms which are Is,thud directly hy the Buid contents of 
a i-tigc bloou Mims. « 

cndocfmc'o^tm have developed untogcnetically and phylogcnet- 
ically independently of the nervous system, 1 ; h 

It is interesting to note that, in the vertebrates, those hormones from 
sounes of ertrdermal or emlodermal origin are proteins ( pituitary prim-ink, 
fliyroglfdmhn, nisulny or at least contain nitrogen (adreninj; hormones 
ansmg from tissues of mesodermal origin are characteristically steroids (sex 
hormones, cornea! principles). 

I'liero has been some spoliation in the. literature as to which is prob¬ 
ably the primitive integrating mechanism within animals nervous or ere 
tfiume. Obviously In, if, mechanisms, when broadly interpreted, extend to 
ail tonus of living organisms, Ixitli unicellular and multicellular. The plus 

7 m : n f ,tl f iu ” ’ tm! il» to underlying activities in the 

physiology of the nervous system, are common to all cells, as arc also the 
intracellular inHtimrs of numerous chemical products of activity of every 
i l 1 1piriful out in the introduction to this chapter, some organizing 
ami diliereutiatmg foiits obviously bad to precede both of these coordinating 

""f. m l *" 11 jWwr mill mil,KCIIV. In drvcliipmcm »w induced 

ifilti'iciituiiiii, pincdis tug ,hum activity. Timm is n,i R iwl ream. to mstti- 
inti' that i-itlin (lie cwitiiiiry nr ihc thfinicat cuutdinatmu factnr is plivln- 
K.iii iii.'Hv ihe iiiiw piiniitivc. Huh iy|«'s i,l ciuiidiiratnry inchamsms pmh 
. ■ t:v '™ ■'»»»b-uicously ami entirely paraljelly for the most part; and 
m respmse to the lum tiuuul needs of larger size, and later thc multicellular 
Uiararlrr of the organisms, highly specialized nervous and endocrine sys 
ferns difh ientiatn! 

HK8KHHNCB 

I, ||. W „1 (!,»,. Similarity „f ,m xm 

Kunti tviinmw in niinnitiiio. 

1 fV - f ; . f.„ ffurrrmsK, H„ and Papanwiha, D, N., Bid 

Bull /H: ifiJ201 (MHO 1 , 1 ivwhym mi pancreatic diabcics in the dogfish. 

1 A> A| 1 J ,SAVV * b U and I’AwmaiKA, D. N., Bid Bull. 86; 1-5 

Ifwbrtecmr factor in cruMuccan sinus glantls. 
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INTRODUCTION 


I he metabolic FUNCTIONS of an animal can proceed without spe- 
1 cialized conducting tissue, The specialization of conducting 
■ tissue, particularly of nervous tissue, gives an animal a certain 
freedom from the environment which has survival value, permitting a com¬ 
bination of large size and high motility, Many Protozoa and free-swimming 
larvae are small and have little rapid conduction from one part to another, 
yet are motile, Many sessile animals have slightly developed conducting 
mechanisms and may he large, but they are not motile. All of those animals 
which are both large and motile have rapidly conducting nervous tissue. 

In the evolution of nervous tissues four trends are apparent: (1) increas¬ 
ing speed of conduction; (2) integration, or making one impulse count 
for more or less than one; (3) cephalic dominance; and (4) modifiability 
of the pattern of response. 

NON-NERVOUS CONDUCTION 

Among the animals which do not have nervous systems some coordinat¬ 
ing mechanisms have been described. Probably all living cells have the 
ability to conduct waves of excitation, Conduction in many plant cells, eggs, 
and body cells of higher animals has been described as a wave of depolariza¬ 
tion passing along the plasma membrane. Conduction from cell to cell, as 
in ciliated epithelium, is well known. Conduction by way of many intra¬ 
cellular fibrils has been claimed for a few Protozoa. 3811 

Many ciliates have a regular network of fibrils connecting the basal gran¬ 
ules of the cilia. The form of this network varies, but in general the basal 
granules are connected in longitudinal rows with some cross connections. 191 
This peripheral network is connected to the central neuromotor system, 
which may have a center or motorium and has internal fibrils which extend 
to membranelles, cytopharynx, and cirri when these are present. The entire 
fibrillar system has been variously claimed to be supporting, contractile, 
and conducting. Experimental evidence for a conducting function came 
from Taylor, 395 who with microneedles cut fibrils between the motorium 
and the cirri in E uplotes (and cut the peripheral fibrils as well). Coordina¬ 
tion between the cirri and membranelles in the oral region disappeared. Co- 
ordination of membranelles was disrupted after destruction of the motorium 
in^ Chlamydodonf 72 and ciliary movement was disorganized after fibrillar 
injury in Ichthyophthicus, 275 However in Paramecium lesions near the peri¬ 
stome did not destroy ciliary coordination, 201 even though a motorium is 
said to be located there. 271 
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Conduction in higher animals is predominantly a function of cell mem¬ 
branes, and in neurones the fibrils per se probably have nothing to do with 
conduction. Taylor 800 suggests that the fibrillar system in ciliates actually 
may have several different functions. Ciliates are highly specialized acellular 
organisms. Hence, the ciliate fibrillar system is not a precursor of nervous 
structures. 

In sponges there are no nerve cells, but spindle-shaped muscle cells bring 
about closure of oscula. These muscle cells have been called independent 
effectors, 317 because they combine sensory and motor functions. There is 
a slow conduction (about 1 cm,/min.) from cell to cell in a sponge, as shown 
by the response of the osculum to a prick a short distance away. 310 In some 
coelenterate tentacles there may be a few two-celled arcs (sense cell-muscle 
cell), 817 but beginning with the coelenterates coordination between sense 
organs and effectors is principally nervous. 



Fig. 290. Electrical changes in crab nerve at the stimulating electrodestoshoksof 
increasing intensity. Electrotonic potential seen at anode (below zer<o) and m first five 
records at cathode (above zero), local response only m upper iecords ’ d , 9 ’ 
of action potential spike in upper three responses. Upper six curves at threshold intensity. 

Insert a, another series at cathode. From Hodgkm. 

NERVOUS CONDUCTION 

The Action Potential Wave. A nerve impulse is the sum total of chemical 
and physical events in the propagation of a wave of physiological activity 
along a nerve fiber. The electrical components of a nerve impulse hawbeen 
measured most precisely and are of interest in 

' A nerve trunk is composed of many nerve fibers, each fite conducting 
independently of the others. Each netve fiber is po 1 ™ 2 ®* whe “ at 
ate 60 millivolts, the inside of the cell memb,me W n|>t,™ ° *e 
outside. Excitation consists, in part, in the breakdown of th,s polanxed, 
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relatively impermeable membrane so that it is momentarily permeable to 
ions; membrane resistance decreases during conduction. ^ 

In conduction the membrane shows a series of some Eve different elec¬ 
trical phases. Some types of nerve fiber show certain of these electrical 
waves more clearly than others; a composite picture of the electrical disturb¬ 
ance in a nerve impulse follows: 

(1) The membrane has electrical capacitance and resistance, and when 
subthreshold current is passed through the nerve there is current spread ac¬ 
cording to the electrical constants of the membrane. This electrotonic wave 
declines exponentially along the liber from the source of stimulation and 

l 

Fig. 291. Local graded oscillations with emergent spike in decalcified giant axons of 
squid. From Arvanitaki” 




Fig, 292. Action potential recorded between the inside and outside* of giant axon of 
squid showing initial resting potential level and overshoot of action potential. From 
Hodgkin and Huxley. 111 ® 


can be detected 0.5-3 mm. away from a stimulating electrode; the electro¬ 
tonic .(polarization) potential is best seen with stimuli of half rheobasic 
(threshold) strength. It varies with stimulus intensity and is normally 
symmetrical, but in reverse polarities at cathode and anode (Fig. 290). An 
electrotonic wave spreads ahead of a propagated impulse and can be de¬ 
tected beyond a region where conduction is blocked by cold. 

(2) As the stimulus strength increases and the polarization (electrotonic) 
potential grows, out of it appears a local response or prepotential. This ap* 
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pears only at the cathode (on the make), is reduced or absent if the nerve 
is refractory, and is graded in size. Its increase is non-linear, the local re¬ 
sponse increasing out of proportion to the stimulus strength. Local responses 
have been seen in thin-sheathed fibers of Crustacea 197 and of Cephalo¬ 
poda, 17 and in myelinated fibers of the frog 234 (Fig. 290). Lorente de No 265 
classes this graded response as part of the electrotonic potential. 

(3) When the stimulus is of threshold magnitude the local graded poten¬ 
tial reaches a critical height and a propagated nerve impulse (spike) arises 
out of it. The critical height of the local potential in crustacean fibers is 
about 20 per cent of the spike height. 1117 Under conditions of membrane 
instability, as in decalcified giant nerve fibers of the squid, electrical oscilla¬ 
tions of variable size appear, and out of the largest of these conducted im¬ 
pulses arise 17, 1K (Fig. 291). The spike is all-or-none, rises rapidly to its 
crest, and then declines at a decreasing rate. The spike duration varies with 



Fig. 293. A, Changes produced in the after-potentials of a phrenic nerve (A fibers) 
bv short tetanic stimulations. The spike potentials are not visible so the records begin 
with the negative after-potential and continue into positive after-potential. The top 
record shows the after-potential response evoked by a single stimulus, for comparison 
with the curves below at the designated frequencies of stimulation. Time lme_60 cycles. 
B, C, Negative after-potentials in response to single and tetanic stimulation m veiatrimzect 
nerve. Time 60 cycles. From Gasser and Grundfest. 1 '" 

conduction velocity and is roughly 1.5 msec, for fast frog and crustacean 
fibers It was formerly believed that the action potential spike was merely 
a reduction in the resting potential of the nerve fiber. However, in giant 
nerve fibers of the squid it has been possible to insert an electrode inside 
the fiber and thus record the maximum potential developed across the mem¬ 
brane. In such fibers with resting potentials of about 55 mv. where the in¬ 
side is negative, the outside may become negative sometimes by® ac¬ 
tional 50 or 60 mv. 109,188 (Fig. 292). Thus the spike is more than a mere 
reduction of resting potential; it is also an active ml w[ 

64) Following the spike and delaying its downward deflection is a nega 
S C% 293, B, C). Be negative 
sens a process of negativity which starts during d.e spile ™ e ™ ies 
peak much later (« msecs, in frog A fibers, which have a spike crest time 
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of 0.4 msec.). The negative after-potential is increased by veratrine, by the 
alkaline earths, and by tetanization of a nerve trunk. In crab nerve fibers 
the negative after-potential persists for 15 minutes or more. 158 * 254 The after¬ 
negativity in crab fibers, as in vertebrate fibers, is prolonged by veratrine 40 
and by repetitive stimulation, 50 

® ^ P 0Sltlve after-potential follows the negative after-potential (Fig, 
293 ’ 4ft ft J“y P ersist fa 100 msec, in small mammalian fibers and for 
several seconds in frog fibers. It may last for many minutes in crab fibers. 4 ' 15 
Aiter-positivity is enhanced by yohimbine, by low calcium, and by a tetanus. 

A nerve fiber recovers its excitability rapidly so that after the spike its 
membrane is again ready to conduct another impulse. The after-potentials 
are related in some unknown way to oxidative recovery and to ionic unbalance. 
In addition, the excitability of a nerve is enhanced during the negative after- 

t “ duri " 8 the *'«'"• 



phySwTn m fcw Wds of ce,lular 

Me doubt that otddau“slrfc " erV ° ffi WW*"- ^ *> 
ing and maintaining the molecuhhtLture”S 8J '’ by ’S”' 

mine is involved in activity 300 Enerw he pla , sraa membrane. Thia- 
phosphate transfer, as in muscle. ® PP t0 ^ mace availabIe ty 

potential, and* 7 °‘ redu f 1 » “ ^ resting 
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The plasma membrane is lipo-protein, as indicated by much indirect evi¬ 
dence. Certain electrochemical properties of the lipo-protein membrane, seem 
to be imparted by a substance that is a quaternary ammonium base, the 
synthesis of which requires sodium.- 07 Specific aromatic hydrocarbons and 
other non-polar molecules depolarize, apparently by adsorbing on receptor 
areas of less than 8 a; calcium stabilizes against such depolarization. 4117 The 
insecticides DDT, pyrethrin, and naphthalene have non-polar groups which 
are very active in reducing membrane stability. 4 - 7 
Acetylcholine (ACh) is involved in neuro-transmission in one or more 
unknown ways. It is normally bound, presumably to protein, and may be 
released in excitation. However, the distribution of acetylcholine is not 
well correlated with nervous function (see Table 77), and its high con¬ 
centration in such organs as spleen and placenta can hardly be connected 



Fig. 295. Type* of cholinesterase. Enzyme from, A, human scrum, B, squid ganglion, 
and C, nucleus caudatus (beef), b, Activity of enzyme; pS, negative log molar concen¬ 
tration of substrate. Substrates: Ach, acetylcholine; PrCh, prapionylcholme; BuCh, 
butyrykholine; TA, triacetin. Modified from Augustinson* 

with propagation. The lowest concentrations of ACh are in those parts of 
the nervous system which are most sensitive to asphyxia and several bits of 
evidence suggest that it may be involved in some oxidative system. 420 An¬ 
other hypothesis is that ACh is important in determining permeability and 
that liberated AGh makes the membrane permeable to*potassium and so¬ 
dium. 805 This hypothesis is supported by evidence regarding permeability of 
nerve and red blood cells. A third hypothesis 87 is based on the fact that ACh 
has a powerful electrochemical action at certain oil-saline interfaces and sug¬ 
gests that released ACh may cause the local electronegativity. 
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Whatever the function of ACh, it is certain that even the molecular lip¬ 
oid layer of squid giant axons is virtually impermeable to ACh (a quater¬ 
nary amine), whereas it is readily penetrated by trimethyl amine. In regions 
where lipoid membranes are absent (or altered), as at junctions, low con¬ 
centrations of ACh are exciting and higher concentrations are depressant. 
Complete (more than 90 per cent) inhibition of cholinesterase abolishes 
nerve conduction, presumably by permitting accumulation of depressant 
concentrations of acetylcholine . 84 Quaternary anti-esterases such as prostig- 
mine and curare fail to penetrate nerve fibers but physostigmine and dipro- 
pylfluoro phosphate (DFP) penetrate and block conduction. The action 
of the toxic agent, DFP, and of the insecticides hexaethyl tetraphosphate 
and tetraethyl pyrophosphate appears to be due to their anti-esterase prop¬ 
erties . 83 Cholinesterase is widely distributed, is concentrated in the axon 
sheath (squid giant fiber), and has very high turnover number . 305 

Two types of cholinesterase have been identified. One (Fig. 295, A) is 
found in mammalian blood serum and in the dart sac of Helix. This is not 
specific for acetylcholine; it splits propionylcholine and butyrylcholine at 
higher rates, and it is not inhibited by high concentrations of acetylcholine. 
The other type (Fig, 295, B, C) is characteristic of all excitable tissues, 
nerve, muscle, and electric organs; this splits acetylcholine at a higher rate 
than other choline esters and shows a sharp optimal ACh concentration . 24 

The chemical events underlying the electrical activity are probably simi¬ 
lar in all nerves. However, quantitative differences among nerves and ani¬ 
mals may be used in learning the significance of different steps in the com¬ 
plex chain of events. 

s peed of Conduction. The speed of conduction in nerve fibers and nerve 
tracts differs from animal to animal and in different parts of the same ani¬ 
mal. Five morphological adaptations of nerves correlate with increased 
speed of reaction among animals: length of nerve processes, fiber diameter, 
myelin sheath, nodes, and giant neurones. There are probably intrinsic 
aitterences among the nerve fiber membranes as well. 

Length of Nerve Processes. Animals increase their speed of reaction by 
*e lengthening of conducting processes. A message travels more quickly 
by a single long fiber than when it has to pass through numerous synapse* 

, Tel 4 W I 4 ', " Tl “ lentetates tte system consists of 
"7f l ° ra , lt,I ” ar “d Mar neurones whose processes have been 

“n O mT vt ITv , a ” ,dUCti0n ” thiS MtW0lk is 1 * 
tinn/wSk ■ ^ aUe ?5 7 In some “^“terates through tracts of con¬ 
tinuous fibers exist for rapid conduction . 811 In general, fast-moving animals 

fa in ? TT ? r St ! ng ° f l0n8 ! “ 8le fiW Gia "‘ fil ® conduc 
m annelids and arthropods is more rapid than conduction through the 

neumpile or small fiber mass in their ganghon chains. 8 

dufan % and mammals speed of con- 

duction is proportional to some function of the fiber diameter The fiber- 
djeter/velocity corre f »den C e has no. ten investigated for fc en*e 
anfmahY^ ^ infattelttate nerves, However, there is no doubt that faster 
Z ^ZZn’ ge and in slower animals mo. 
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The numerical relationship of velocity to fiber size differs according to 
fiber type and sheath characteristics. In mammalian A libers the velocity 
in meters per second numerically equals the diameter in microns times a 
constant (approximately 6 or «’■ >»> 1 „ giant fibers of tl le squid 
velocity increases as the diameter raised to the 0.61 piwer . 318 Nerve fibers 
are attenuated near their terminations, and here conduction is slow. 

Table 76 gives the velocities in moist air and, where possible, the total 
fiber diameters in a variety of nerve fibers. The general relationship between 
diameter and velocity holds. Velocities in situ are slightly greater. The 
most striking instance of large fiber diameter and rapid conduction is in 
the giant fibers of crustaceans, cephalopods, and annelids, which may have 
diameters of tens of microns or even several hundred microns, and conduct 
many times faster than the smaller fibers of these animals, Insects in gen¬ 
eral have very small nerve fibers but conduction distances are short, hence 
fast conduction is less important to the animal than a large number of fibers. 
Mosquito larvae have fibers Jess than 1-2 M in diameter, although cock¬ 
roaches have some fibers as large as, JO M in diameter. 3 * 

Excitation times also vary inversely with fiber diameters, i.e, fast fibers 
have short chronaxies although for a given fiber type chronsm are rela- 
fively constant over wide ranges m stze . ia9 < 157 
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TABLE 76, VELOCITY OF CONDUCTION IN SELECTED NERVE FIBERS AS 
RELATED TO FIBER SIZE AND SHEATH THICKNESS 
(VELOCITY IN MOIST AIR) 





Axis 




Fiber 

Cylinder 


Animal 

Nerve 

Diameter 

Diameter/ 

Tempera- 



(micra) 

Fiber 

Diameter 

ture“ C. 

Mammals 





Cat 165 

spinocerebellar 

10-18 


38 


tract 




Dog 8 ” 0 ' 1W 

saphenous 

14.4-17 

0.82 

38 

Dog 166 

n. lingualis 

13.5 


38 

Cat 1 ®’ 417 

saphenous 

13-15 

0.71 

38 

Cat 1 ® 

saphenous 

7-9 

0.69 

38 

Dog 188 

chorda tympani 

8.2 


38 

Dog 1 ® 

saphenous 

5 

0.6 

38 

Cat 8 ® 

saphenous 

2 

0.3 


Rabbit 808 

depressor 

2-4 


38 

Cat 48 

sympathetic 


very thin 
sheathed 

38 

Amphibians and reptiles 



Frog 168 ' 40 

sensory root 

18.5, 14, 
11 

5.8 

21.5 

Frog 818 

sciatic 

6-16, 2-3 

0.7, 0.5 


Frog 48 

Ba fibers 

small 1 

thin myelin 


Frog 188 

(J fibers 

2.5 

non-myel. 
very thin 


Turtle 48 



sheath 


sympathetic 


very thin 
sheath 



Arthropods 




Maja 8 ® 

leg nerve 

10-20, 4-8, 


23*25 


.7 . 

1-3 



Garcinus 181 j 

leg nerve 

30 

very thin 
sheath 

21 

Callinectes 8 ® 
Munida 804 | 

Homarus® 1 

1 leg nerve 
leg nerve 

50 

17 

very thin 
sheath 

88 leg nerve 



Leander 801 

Limulus* 

leg nerve 

<10 

0.53 


Cockroach 8 ® cereal nerve ! 




Cockroach 84 ' 

central fibers 

10-20 

0.9-0.95 


Molluscs 





Helix 848 

n. intestinalis 




Ariolimax® 

Limax 888 

Pleuro- 

pedal 

pedal 



15-18 

branchaea 888 pedal ! 



12-15 

Mytilus 841 ' 

pedal 



Sepia® 

mantle 

<50 



Sepia® 

fin 



Sepia® 

stellar 





Velocity 

M./sec. 


119 (av.) 

72-83 

69.1 

80-82 

60 

36.4 

20 

5 

1-2 


42, 25, 17 


3-4.5 

0.4-0.5 


0.3-0.8 


2.S-3-7, 
1.1-1.7, 
0.1-0.5 
3.5 in oil 

4.8, 1.5 
6.4 


12, 9.2, 1.8 


4.6,1.3 
5.6,1.5 


0.05-0.4 

0.41 

1.4 


0.78 
0.64 
3.5,2.26 
5.1 
3,1.5 


i: 




Nervous Systems 735 


TABLE 76 (continued) 

VELOCITY OF CONDUCTION IN SELECTED NERVE FIBERS AS RELATE!) 
TO EWER SIZE AND SHEATH THICKNESS (VELOCITY IN MOIST AIR) 


Animal 

Nerve 

Fiber 

Diameter 

(micra) 

Axis 

Cylinder 

Diameter/ 

Fiber 

Diameter 

Tempera¬ 
ture 0 C. 

Velocity 

M./sec. 






0.32,0,22 

Dilip 840 


42.6 (av.) 


2122 

4.6 (av.) 

Dilip** 4 

fin 




4.3 

Dilip* 4 

fin 




16,2.5 



Giant nerve fibers 

Vertebrates 






Aindurus'* 

Mauthner 

2243 

0.590.56 

10-15 

50-60 

Arthopods 






Camba- 

median 

100250 


20 

15*20 

rus w - « 







lateral 

70*150 


20 

1018 

Leantlt-r® 4 

4 

35 

0.77 

17 

18-23 in 






nil 

Munitla 1 "* 


50 

thin sheath 

17 

6.4 

Shrimp** 


>25 

0.87 





<8 

metatwpie 



Annelids 





. 

l.umhrifus 

median 

>40, 

0.9 

1012 

1725 

Wl, iU. M 1 

n, 

64 



1545 

M, «M 





20 


lateral 

87 


10i2 

7" 12 



<11 

mclatropic 


5-15 






10 

Neanthcx” 





15,5.4 






2.5 

Molluscs 






Sepia 844 ' 


147 



7.7 

Dilip* 


718,589, 



22.8,20.6 



335 



13.7 

Dilip 8 *" 


280-400 


22 

20 

jUdip 41 


400-500 

>0.99 






metatropie 




Nerve Ether Sheath, In addition to fiber diameter, the existence of a lip¬ 
oid sheath around the axon is directly correlated with velocity of conduc¬ 
tion. Among vertebrates the larger fast motor and sensory- liters have mye¬ 
lin sheaths which blacken with osmic acid and can be readily measured, 
whereas the slow small sympathetic ‘fibers are said to be non-myelinated. 
When examined in polarized light the larger fibers are seen to be positively 
birefringent with respect to their radially directed optic axis; this is due to the 
lipoid sheath and the fibers are called myelotropic. The birefringence in frog 
libers is nearly constant among fibers 9p or more in diameter but diminishes in 
smaller fibers until it is zero at 2 p, and below that size it reverses sign,®' 1 ' 8 
The birefringence of the "non-medulkted 11 fibers, on the other hind, is 
normally negative with respect to the radial axis, is due to proteins, and can 
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be counterbalanced by immersion in glycerin of the same refractive index, 
whereupon a slight positive birefringence appears; these fibers are said to be 
metatropic. 

Most invertebrate nerve fibers are said to be "non-myelinated," but in 
many of them examination with polarized light reveals a thin outer layer 
which is positively birefringent with respect to the radial axis . 41,378 Certain 
fibers of crabs and shrimps, and of cockroaches and other insects, Nereis, etc., 
are metatropic . 347,398 The protein layer has a refractive index of 1.58 in fibers 
from lobster cord, frog motor root, and cat corpus callosum . 08 The reversal 
in sign in glycerin reveals a thin lipoid layer which in insects may even 
stain with sudan dyes . 347 This layer can be removed with fat solvents. As 
the diameter increases, the positive birefringence decreases so that earth¬ 
worm giant fibers are weakly riiyelotropic above 11 p and shrimp giant fibers 
above 8 as compared with frog, fibers, above 2 /*. 378 In giant fibers of the 
prawn, Leander, the ratio of axis .cylinder to total fiber diameter is 0.53 for 
fibers smaller than 10 /», 0.69 for 10-20 p fibers, and 0.77 for 20-50 p fibers . 204 
Squid giant fibers are uniformly positive with respect to length (negative to 
radial axis) regardless of diameter, but when immersed in glycerin a lipoid 
sheath is demonstrated which is less than 1 per cent of the fiber diameter . 41 
In summary, most invertebrate fibers, except large giant fibers of earthworm 
and shrimp, resemble vertebrate thinly myelinated fibers in optical properties- 
a thin lipoid sheath masked by protein. Some- lipoid is probably present out¬ 
side all; nerve fibers. 

_The vertebrate fibers are of medium size (4 - 15 «) but hale thick 
sheaths ("30 - 50 per cent of total fiber diameter), whereas the fastest fibers 
of mvermbrates are large (50 to several hundred microns) hut have thin 
sheaths (I - 10 pet cent of the diameier-Table 76). In both these types 
of libers the ratto of axis cylinder to total fiber diameter usually increases with 
increase m size of the fibers, up to some critical size. Taylor™' summarized 
the relation between diameter, sheath, and velocity as follows: 4 « fiber of 
4e cat saphenous at 38° conducts at about the same rate (25 M./sec.) as a 
50 P squid giant axon at 20 °. Assuming a Q 10 of 1 . 5 , an 8 p cat saphenous 
fc would conduct at 20 at the same rate as the 650 f squid giant fiber 

its mSletT* h ^ n,a 7 nalta , fiber constitutes « per cent of 

IttetaS ln 59 8 "‘ fikr 4e sheath is ata 1 * 


shad. y inT * T 390 have a tissue and glial 

“?J”, s ' 1 , nve I tebr l ate S'® (prawn,»» squid«»), connective tissue 
g^^eri,beta Ijcid,heath and the axon. There is no evidence 
that the connective tissue sheath speeds conduction. 

.lS*', Some **iof i polarization can be explained by the assumption 

to no7“^Th« th / V — ‘"r ““" from node 

fas* tlUn T g / the Sheath in sh ™P grant 

“ 1 ;, . ™wever, dependence on sheath and nodes for speed is larvelv 

nc ^m adapta& ° n ’ Myelinated s P inal tracts conduct ra&y but lack 
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type consists of a syncytium in which processes from a number of nerve cells 
fuse to form a single giant axon. Unicellular giant libers are found in 
nemerteans and eestode worms, in numerous polyehaetes, in balamrglossids, 
and in lower vertebrates. In the polychaete Hallar 1 for example, there are 
groups of unipolar giant cells 30 150 p in diameter in each ganglion of 

the first few segments; these give rise to fibers up to 40 /* thick which may 
run the length of the worm. Similar unicellular giant libers have been de¬ 
scribed in other worms. Typically, in haltinuglossids there are alxmt a dozen to 
150 giant cells, usually in the collar nerve cord; these give rise to large (3-6 
fO fibers which run back in the nerve cord and eventually dwindle in size 
to merge with the ordinary (1 ,*) libers. 78 - l,,:i Nerve cells of the unicellular 
type of giant liber, Mauthncr and Muller cells, occur in the base of the 
medulla as part of the vestibular reflex system of bony fishes, modules, and 
tadpoles of anurans. These fibers, 22-43 ,* in diameter, conduct at 50-60 
M./sec. at 10-15° C. (Table 76). ,(l " 

The multicellular or syncytial tyjxj of giant fiber system has been de¬ 
scribed in annelids, crustaceans, and cejibalojxid molluscs. 

In the ventral nerve cord of the earthworm there are in each segment 
several cells which send axons to the three dorsal giant; fillers, which occur 
as one median and two smaller lateral fillers, 1 hese giant fibers run tin: 
full length of the ventral nerve cord and give off segmental branches to 
motor neurones in the cord. The median giant liber is connected in each seg¬ 
ment to approximately two pairs of giant cells and each lateral giant fiber to 
approximately one pair of giant cells . 382 The lateral giant libers are also con ¬ 
nected with each other. In addition to the three dorsal giant fibers there 
arc two smaller ventral ones. 3 " 3 -»"» At each segment there is in the giant 
fifxw an oblique partition, the two sides of which stain differently , 78 - 382 ’ 

Evidence from cutting the giant, fibers, from regeneration, from blocking by 
drugs, and from embryonic development indicates that in the earthworm the 
giant fibers are responsible for quick end-to end "startle" contratttons. 8l, *»iw 
Stough 382 cut single giant fibers and concluded that the median one conducts 
posteriorly and the two lateral ones conduct anteriorly. Action potentials , 131 
however, showed that conduction is equally good in either direction in each 
fiber. Bullock 78 settled the disagreement by showing that the median fiber is 
normally excited by sensory stimulation in die anterior forty segments, 
whereas the lateral fibers are excited by sense organs behind that level. T he 
two lateral fibers and the median fiber form two separate conduction and ex¬ 
citability systems; cross connections between the lateral fillers were shown hv 
conduction which continued when right and left fibers were alternately 
cut . 370 Usefulness of the giant filler system, particularly in protective with¬ 
drawal reactions, is indicated by the great difference in speed of condue 
tion. conduction in the smaller fillers of the cord (including synapses) is 
about 0.025 M./sec ., 33 whereas in the lateral giant fibers it is 7- f 2 M/sec. 
and in the median fiber it is 1745 M./sec., depending on filler size, 78, 131 
Some polychaete worms have no giant nerve fillers (c.g., Ajdmdiut, Chat - 
Wpterus), others have only one (Arenkok Phta), and still others have 
* several, as shown both.by the. action potentials in their nerve cords and by 
histological examination ( Nemthes, Glyem )» The junctions in Nmtthn 
are complex and are polarized histologically but not physiologically. 
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Among Crustacea giant fiber systems have been described in the cray¬ 
fish, the lobster, and the prawns Palaemonetes and Leander. In the cray¬ 
fish- 25 there are three kinds of giant fiber: median, lateral, and motor. The 
paired median giant fibers start in the brain (at least in the crayfish), de¬ 
cussate there, and pass to the ventral nerve cord. The lateral fibers occur in 
thoracic and abdominal ganglia and consist of segmental units which ap¬ 
pear to overlap in long side-by-side contacts; they presumably are made up 
of processes from ganglion cells in each segment. Branches are given off 
from the laterals and medians to motor giant fibers in each segment. The 
motor fibers have their cell bodies in one segment, decussate, and pass out 
in the posterior nerve of that segment. 225 Stimulation of the giant fiber sys¬ 
tem elicits quick flipping of the abdomen 220 and causes extension and 
drawing together of antennae. 432,433 The median and lateral systems inde¬ 
pendently activate the same motor fibers. The median and lateral giant fi¬ 
bers of the crayfish conduct equally well in both directions, but transmission 
to the motor giant fibers is polarized. Crossing occurs from one lateral giant 
to the other in 0.5 msec., but there is no crossing between the two median 
fibers. There is no appreciable delay (less than 0.1 msec.) at the segmental 
junctions of the lateral giants. Summation of the motor-response occurs if 
the taster median fibers are stimulated before the laterals. Probably the me¬ 
dian giants are normally activated only in the brain, and the laterals at anv 
ganglion behind the fourth thoracic. 

In the prawn, Leader,™ two types of synap* exist: oblique regions of 
apposmon between the lateral fibers in each segment, and typical boutons 
at die points ofcontact of processes from both median and lateral with the 
motor fibers. The median giant fibers show incomplete septa. Transec¬ 
tion of the cord at various points failed to produce degeneration of the m«l- 

mvelinonr * he m0tor 8™' «*» * not show 

betweenSimvfin 0 ^” ’“a a > nt f,ber s y st “> is intermediate 
between the unicellular type and the segmentally fused type. The cenhalo- 

alh 1 7 f died u y YoUng ‘ 4<2, “ In tbe decapods (squids) 
a pair of giant cells lie at the posterior end of the pedal ganglion portion 

o the tain; their processes fuse and cross, then synapse in the vkeral 
part of the brain with cell processes which run out in mantle nerves. These 
of giant flbers in the stellate or mantle ganglion 

tCVh u gang 10n s0me dozen nerves P ass out to the muscles of 
he mantle; each nerve contains one giant fiber, which may be as much 

as 800 /h in diameter, plus many 1 ^ fibers. Each third order oiant to™ 
aris es ^ the fusmn of processes from 300-1500 cells in the stellate can- 
gha. Each giant axon serves the circular muscles of a large area of the 
mantle, and the largest fibers pass to the posterior part of themantle so that 

inthe enti ? mantle - 442 Velocifeof 
atrTah] P 7AVQ, 07 8 1 1 m , diameter range from 2.7 to 22.8 M./sec. 

threshold^ 442 ami ^ ^ ** 3 “1 contra^ 

-e constitutes a motet uni t .Ve 
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of the mantle cavity, thus sending the animal backward or forward, accord¬ 
ing to the funnel angle; this escape or predatory reaction is, according to 
Young, twice as last by virtue of the giant liber system as it would he with¬ 
out it. 

Young 441 has described an interesting series among cephalopods (Fig. 
296). In the decapod Sepia tlu: cells contributing to the large giant fibers 
are scattered through the stellate ganglion. In ioligo these cells are confined 
to one posterior lobe, whereas in the octopods Hkhne and Octopus the lobe 
is present and contains ceils which may resemble neurones but which lack 
true processes, f his lobe, the epistellar body, receives the secondary giant 
libers from the visceral ganglion; its possible neurosecretory function is in¬ 
dicated by an atonia of the mantle after removal of the epistellar body. 



% 2%. timtiiwrisfm of stellate K an K lmn of. A, Septa, (I, M{ \ (!, fM,ne. 

From Young «! m,Urllvt; (trum hn,in M-G jiri’pitgliimic film cp, ejibteliaf Ink. 

Giant nerve fibers have evolved many times. They are absent from ani¬ 
mals closely related to animals which have them. For example, giant fibers 
are found in only a lew polychaetes, are absent from crabs but present in 
shrimps and prawns, absent; from octopods hut present in dmqwds, absent; 
from adult, anurans hut present in tmxldex. Wherever they art: present they 
seem to function in rapid escape reactions; they am efficient, since one nerve 
impulse in a giant fitter can activate muscles of a wide body area, A single 
nervous unit carries out a complex fast response. 

Interneuronic Transmission. Continuity versus Contiguity. In all nerve 
centers the axons branch extensively and terminate on the dendrites and 

cdl body of the receiving neurone.rarely also on its axon. Thu pattern of 

dendrites differs greatly according to the nerve center, and for many years 
histologists disagreed as to whether there is continuity or contiguity be- 
twern neurones. With the introduction of cytological fixation methods and 
degeneration experiments the argument seems well settled in favor of con¬ 
tiguity. I he fine axon branches often terminate in enlargements, boutons; 
in numerous preparations two separate membranes can be seen-Maudiner 
cells of urodeles 89, il 4R (Fig. 297, A), oculomotor nucleus of fish (Fig. 297, 
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B), anterior horn cells of spinal cord, 200 and giant cells in stellate ganglion 
of cephalopoda. 443 

Even in nerve nets of coelenterates, where anastomoses have been, de¬ 
scribed many times in silver-stained network, vital stains show that the pro¬ 
cesses of the neurones actually intertwine or run along parallel with one 
another, but the fibers do not fuse. These net “synapses” arc not structurally 
polarized, as are synaptic boutons; as much surface of one neurone as of 
the other is exposed at an apposition synapse. Similarly, the junctions be¬ 
tween segments of giant fibers in earthworms and crustaceans are contigu¬ 
ous but the surfaces are equal; these are monosynaptic junctions. 43 In bouton 



_ Fig* 297. Figures of polysynaptic junctions. A, Endings of axons on dendrite of 8 
giant Mauthner cell of catfish, Ameiurus. From Bartelmez and Hoerr. B B, Branching 
axon ending in bulbs and club endings on a cell in the oculomotor nucleus of the gold¬ 
fish. From Bodian. w 

and basket Synapses (polysynaptic junctions) the branches from several axons 
converge onto one receiving neurone, and the total active surface of the re¬ 
ceiving neurone is much greater than that of any one incoming axon. 

Polarity, Synaptic transmission usually occurs in only one direction, ortho- 
dromically; antidromic (backward) impulses stop at the receiving neurone 
soma (cell body and dendrites). One explanation of polarized transmission 
lies in the fact that in such centers as sympathetic ganglia acetylcholine is 
liberated in appreciable amounts only at preganglionic axon terminations, ' 
not by antidromic impulses. A second explanation of polarity is that a cer¬ 


tain area of a neurone must be depolarized for it to be excited. 237 The area 
of the boutons of one axon is insufficient for antidromic excitation of that 
axon. Hence impulses can summate from various converging axons and ex¬ 
cite a motoneurone, but they cannot pass in the opposite direction. 204 

In synaptic systems which are not structurally polarized, impulses can be 
conducted in either direction, as across giant fiber septa and nerve net junc¬ 
tions. In coelenterate nerve nets, conduction is diffuse and essentially equal 
in all directions. 137 * 300 If intardigitating lateral or central incisions are made 
in a jellyfish or if the animal is cut into a zig-zag strip or into a central disc 
connected by a narrow neck to an outer ring, impulses pass around corners £nd 
in both directions, so long as nervous tissue is present. That this diffuse con¬ 
duction is nervous is .shown by conduction in areas where muscles are ab¬ 
sent but nerve fibers present, 285 in regenerating areas where conducting but 
not contracting tissue is present, and in preparations paralyzed with cur¬ 
are 380 or magnesium. 74 * 28B * 368 Similar conduction across narrow nerve 
bridges occurs in sea anemones 315 and from zooid to zooid in colonial coel¬ 
enterates such as Renilla. m In sea anemones, however, there is some polar¬ 
ity. Responses of the free end and of the central cut end of tentacles dif¬ 
fer, 313 - 315 Through conducting tracts occur, particularly in mesenteries, 
where velocities of 1.2 M./sec. exist, in contrast to local conduction at 
0.04-0.15 M./sec. The velocity of conduction varies in different regions of 
an anemone. 312 It is possible that polarity is imposed by differences in fa¬ 
cilitation for conduction in different directions. 

The transverse septa of giant fibers are not polarized in Lumbricus , nor 
are the more complex overlapping junctions of giant fibers in Neanthes 80 
and Cambarus. m It is likely that all non-polarized junctions are monosyn¬ 
aptic, and that polarized junctions are polysynaptic. 

The Synaptic Transmitter, Synaptic transmission is a complex series of 
events and little is really known of the sequence and role of the different 
agents. Several suggestions have been made as to the mode of transmission of 
excitation from the axon to the receiving neurone. Several agents and mech¬ 
anisms have been proposed, including; (1) acetylcholine; (2) inorganic 
ionic changes; and (3) electric current. 

acetylcholine. In previous chapters it was shown that many cardio- 
regulator nerve endings and some motor endings on muscles are cholinergic 
(acetylcholine liberated at the junction), and some others are adrenergic 
(adrenin liberated at the junction). The only interneuronic junctions at 
which liberation of acetylcholine has been definitely demonstrated during 
transmission are those of sympathetic ganglia. The superior cervical gan¬ 
glion of the cat can be perfused by a branch of the carotid artery and the 
perfusate collected from the internal jugular vein. When the preganglionic 
nerve trunk is stimulated and the ganglion eserinized, acetylcholine is lib¬ 
erated into the perfusate in amounts corresponding to the number of im¬ 
pulses entering the ganglion. 142 Injected acetylcholine stimulates ganglion 
cells to discharge. Acetylcholine is not liberated in appreciable amounts by 
antidromic impulses, but it is still liberated on preganglionic stimulation 
after transmission to the postganglionic neurones is blocked by nicotine, 
curare, etc. Physostigmine (eserine) protects against destruction by cholin¬ 
esterase of the liberated ACh and sensitizes the ganglion cells to ACh. 143 
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When small amounts of ACh arc injected ami at tk same time a lew pro 
ganglionic fibers arc stimulated, the two stimuli add, produces a response 
in mote ganglion cells." There is no doubt that acetylcholine is liberated 
from some structure in sympathetic ganglia and that it mitts ganglionic 
neurones, but it does not follow that it is the transmitter. 

In central nervous systems there are suggestions hut no prool that acetyl¬ 
choline functions in synaptic transmission. The literature is extensive on the 
effects of ACh in mammalian and amphibian nervous systems' and 
in invertebrate nervous systems. 887 ' 430 Acetylcholine applied to the cerebri, 
cortex of mammals is excitatory, particularly in high concentrations and 
after eserine. High amplitude spike-like brain waves are set up, and these 
may be associated with motor activity. 2 ” 2 1 he spinal cord is stimulated to 
motor discharge when perfused with acetylcholine, particularly alter sen¬ 
sitization with adrenalin, 71 and there are numerous instances of potentia 
tion of central action of acetylcholine by adrenalin. Acetylcholine potentiates 
salivary reflexes. 51 Some spinal reflexes are depressed (e.g., knee jerk ), oth¬ 
ers are enhanced (e.g, flexors) by eserine. 71,3 ” 4 Eserine is without eilect 
on the potentials associated with synaptic transmissions m the spinal cord, 
and high concentrations of ACh depress the synaptic potentials. 1,1 When 
the lower portion of the spinal cord of a dog is perl used with cscrinizcd 
Ringer solution, ACh appears on stimulation of the sciatic nerve. 71 When 
eserine is injected into cats ACh appears in the eeiebiospiiial fluid, and 
there is evidence for liberation of ACh when the vagus nerve is stimu¬ 
lated. 1 ' 11 The variable and negative effects of eserine applied to vertebrate 
nervous systems probably result from the very low permeability of nerve 
membranes to eserine and the fact, as shown in peripheral nerve, that prac¬ 
tically all of the cholinesterase must be inactivated before conduction is af¬ 
fected. 305 ' 84 

Measurements of the acetylcholine content of many nerve centers are not 
always comparable because of the rapid inactivation of the ester and the 
uncertainty regarding the mariner in which acetylcholine is hound, and lie- 
cause of the variable amounts free or bound. In general (l able 7/) there 
is more ACh in gray than white matter. Regions which are sensitive 
to hypoxia, such as the cerebrum, contain little ACh. 42 ” The concentra¬ 
tion in sympathetic ganglia is higher than in brain, and sensory libers con¬ 
tain much less than do motor fibers. 873,274 The enzyme system which syn¬ 
thesizes ACh is very active in cholinergic neurones (such as lower motor and 
preganglionic sympathetic neurones) and not so active ip non cholinergic 
nerves (such as sensory roots and the optic nerve). 144 Among invertebrates 
the central nervous systems often contain more ACh than mammalian ner¬ 
vous systems (Table 77), Crustacean ganglia compare favorably with mam¬ 
malian sympathetic ganglia in ACh content, and insect anti cephalupod 
ganglia contain the highest concentrations yet observed. The correlation be¬ 
tween ACh content and nervous activity, however, is not good, 

The ganglia of arthropods, molluscs, and annelids are relatively insensi¬ 
tive to acetylcholine with or without eserine treatment, In Octopus and 
Eledone acetylcholine and eserine had no apparent effect on the stellate gan 
glion, 28 When applied to arthropod central nervous systems acetylcholine is 
ineffective in causing the discharge of impulses except at concentrations as 
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high us 0.1 per cent in the crayfish, 384 and in the cockroach. 356 Injections 
of large amounts (up to 40 mg.) into crabs ( Carcims and Panulirus ) cause 
no change in reflex activity, 26 although eserine and acetylcholine facilitate 
autotomy in crab. 488 Synaptic transmission in the sixth abdominal ganglion 
of the crayfish is unaffected by large amounts of acetylcholine, physostig- 
mine, and pnistigmine. 834 Acetylcholine in a crayfish perfusion saline does, 
however, maintain the ganglia in a normal state of excitability for potas¬ 
sium. 356 Transmission across the junctions from giant fibers to motor fibers in 
the crayfish is not affected by a series of drugs, including ACh, adrenalin, 
prostigmintt, and curare, but is blocked by DFP and eserine; nicotine initially 
facilitates and then blocks transmission. 376 Absence of effect of a drug may 
result from lack of penetration rather than from absence of specific action. 

In cockroaches the anti-esterase DFP causes alternate facilitation and block¬ 
ing of synaptic transmission at concentrations which permit fiber conduc¬ 
tion, anil in the presence of DFP added ACh blocks the synapses. 860, 361 In 
t | ul stellate ganglion of the squid, synaptic transmission is blocked by DFP 
at alwut the same concentrations at which fiber conduction is blocked. 84 

The cholinesterase content of central nervous tissues varies as much as 
the ACh content (Table 77). Ganglia of squid, honeybee, lobster, and 
I j«nifirs approach mammalian sympathetic ganglia in QChE. The mam¬ 
malian cerebral cortex is surprisingly low in QChE. In lower invertebrates 
it is difficult to separate nervous from muscular tissue as regards cholinester¬ 
ase distribution (see also Chapter 16), but there is little doubt that cholin¬ 
esterase is present in all nervous tissue. 

In general, the distribution of ACh and ChE seems not well correlated 
with central nervous activity; acetylcholine is excitatory to some nerve cen¬ 
ters and inhibitory to others; the sensitivity is high in sympathetic ganglia 
am! in the spinal cord under special conditions, but sensitivity to ACh is low 
fur cerebral cortex and practically zero for arthropod central nervous systems. 
Liberation of acetylcholine has been demonstrated at axon terminations in 
sympathetic ganglia. Evidence regarding the meaning o t e ig 
nations of ACh and ChE in invertebrate central ganglia might elucidate the 
mleof acetylcholine in synaptic transmission in general. !t is becoming mme 
likely that “tk transmitter" is electric, but that acetylcholine is one sub 
stance associated with the production o! tk action potential. 
immiw ionic; chances. Synaptic transmission is profoundly attested if 

the potassium and calcium in the bathing fluids. In 
cervical ganglion of the cat, potassium is given off on piegangliomc st 
Unit and tlie potassium content of the ganglion ni greatly reduce , P 
Siam also movis outward from stimulated nerve fibers (p. 780> n,«U“ 
of small amounts of pUn increases the S- 

«d stimulation. 07 Like acetylcholine potassium em «>m low consul 
lions and inhibits in larger amounts. Addition of potass™ “ “ | erfusion 
causes ACh liberation, and ACh injection 

with a saline deficient in calcium or containing an g the 

centration of potassium increases hot t e nuni potentials are settsi- 
, frquency of discharge in sympathetic gang ' . ^ uses f ast irregular 

| ti« to piitassium/calcium balance. Exces p isolated frog 

! waves, and calcium in excess elicits large slow waves in 

brain."* bl.A'A A 
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Many invertebrate ganglia are likewise initially stimulated by high potas- 
slum or low calcium (see Table 69, Ch. 15, for heart ganglia), In crayfish 
abdominal ganglia in situ the effect of high potassium is to depress spon¬ 
taneous activity, whereas low potassium increases it. After a half hour of 
bathing in saline the reverse effects of potassium are ohstwd. 8l1M88 * ,w Ad- 
dition of acetylcholine to the bathing solution prevents the reversal in potas¬ 
sium action and suggests that differences in behavior of intact and isolated 
ganglia may result from loss of ACh on isolation. 1 " 1 ’ 4 Transmission across 
synapses of the cockroach is remarkably unaffected hy changes in potassium 
and calcium. 889 



(b) 


■ ^{8* ^8* Current flow at a synaptic junction; presynaptie liber represented by vertical 
block and postsynaptic neurone by horizontal line. Current How with presynaptic 
impulse («) approaching synapse and (b) at synapse. Focal arukle (A«) followed by foul 
cathode (Cj). Cross hatching, region of the presynaptie impulse. Current flow repre¬ 
sented as toward region of negativity. l*rom Hcclcs. ,w 

electric current. The action potential wave of the disehatging axons 
may itself be an adequate stimulus for the receiving neurones. An electric 
shock of time relations similar to the action potential is an adequate nerve 
stimulus. In the oculomotor nucleus of the rabbit a volley of impulses in 
ascending axons, subthreshold for the motoncurones, can sum with a sub 
liminal electric shock applied directly to the motor cells during the rising 
phase of the action potential.” 112 When two nerves are placed in proper com 
tact side by side, an impulse can be transmitted from fibers of one nerve to 
the other. Transmission in such an artificial synapse, or ephapse, occurs if 
the impulse in the pre-ephaptic fiber stops at the junction so that the final * 
k ph ase °f lts potential change is negative or catdectrotonic. 1 * Delays vary 
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with conditions, hut may la* us brief as 0.1 to 03 msec, for certain mam¬ 
malian preparations, 172 or 2 to 5 msec, between squid giant axons. 18 The 
excitability of the receiving nerve fiber can be altered by subthreshold im¬ 
pulses. 8,1(1 transmission is facilitated when the afferent impulse coincides 
with oscillations in local graded potentials in the efferent fiber. 18 Similar 
electrical transmission across points of contact occurs between two separate 
lobes of the brain of frogs. 111,1 1 he current fields set up in nerve centers are 
such that electrical stimulation could occur at synaptic junctions. 200 

Hecks 127 has analyzed the electrical pattern at a nerve terminal and dem¬ 
onstrated its adequacy lor stimulation. As an impulse approaches a nerve 
terminal it sets up an anodal (jxwitive) focus, which, when the peak of the 
impulse reaches the terminal, reverses (downsweep of potential), causing a 
cathodal focus with anodal surround on the receiving neurone. Current flow 
at the cathodal focus causes a local response which depolarizes an area de¬ 
pending in size on the current magnitude, and if it is large enough sets off 
a propagated impulse. 



Fig- 2*$- Action potential from the stellate sympathetic ganglion of a cat (i) before and 

(«) after Synaptic jxitrrtttal only remains after curarization. From Eccles. 1 ** 

We are left with numerous agents •acetylcholine, potassium, electric cur¬ 
renteach prevent and capable of stimulating nerve cells. Whether or not 
a nerve cell resjMinh is determined by the environment of the cell, and one or 
several enmjxwetiis of this environment may constitute adequate exciting 
agents. 82 The old distinction between electrical and chemical transmission is 
stijKTveded by two other hypotheses. One is that axon propagation is elec¬ 
trical, involving jtotassiwn and other ions, and that at synaptic transmission 
either chemical agents (ACh or others) are liberated (Dale-Loewi), or that 
synaptic transmission is also electrical (Heeles). The other theory (Nach¬ 
mans, dm) Mates that axon and synaptic transmission are not different, that 
both are electrical, and that ACh is an essential link in the electrical pic¬ 
ture. 

Synoptic ami (rntglmk Potentials. The interpretation of potentials re¬ 
corded From nerve centers is difficult because of the small dimensions of the 
separate parts of neurones. Evidence is accumulating that conduction in the 
different part*, of a neurone occurs at different rates. 

'Synaptic eroi'miars. At interneuronic junctions, and presumably asso¬ 
ciated with a transmission process, is a synaptic potential analogous to the 
end plate potential of muscle (Ch, 16), In sympathetic ganglia, stimula¬ 
tion of preganglionic axons sets up a complex propagated electrical response 
in postganglionic neurones; after eurarization this propagated response is 
replaced by a graded potential which is conducted decrementally away from 
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the ganglion. This graded synaptic potential is normally masked by the 
propagated response. In the superior cervical ganglion of the cat this synap¬ 
tic potential begins after a latency of 5 msec., reaches its peak at 10-20 
msec, and falls to about 1/3 in 60-90 msec., many units rsponding out of 
phase (Fig. 299). 1M0 The synaptic potential is absent when antidromic im¬ 
pulses enter the ganglion and is graded in size with the number of pre-gan 
glionic impulses; it can summate on repeated subthreshold stimulation. When 
transmission to interneurones and motoneuroncs in the spinal cord is 
blocked by nembutal a sensory volley sets up a synaptic potential which 
can be picked up either by focal microelectrodes in the cord or conducted 
electrotonically over ventral roots. In monosynaptic reflexes of eats the syn¬ 
aptic potential recorded focally in the spinal cord shows a delay of 0.3 to 
0.45 msec, and peak time of 0.8 to 1.5 msec. Similar graded potentials have 
been recorded from the stellate ganglion of Loligo (Fig, 300) w, m 



Fig, 300. Synaptic potentials and emergent action potential spikes from stellate gang 
; n ., he s , qu f Low . cr record-spike in preganglionic fiber. Upper rwortl-pistgatigli 
omc spike developing later and later out of synaptic potential as fatigue occurs finally 
leaving only synaptic potential. From Bullock.™'« V 


propagated postganglionic spike arises out of the synaptic potential, and 
when motoneuroncs are fatigued only the synaptic potential remains. Di 
ect tmuktton of the ganglion can elicit a synaptic potential, but antidromic 
impulses cannot do so. It # postulated® that the trammter passes its peal 

tial ° ^ P°‘ ential ’ “" d tl,W llle W* A»- 

tial must be of a cnneal size before the post-synaptic spile is evoked. 

SOMA rooms. The soma of a central neurone refers to the non-axon 
sCT™ len , dritCS and ce “ Thc potentials which arise in the 

2 rEhU 7 S ° W “T re i d th ° se in Sympathetic jjan- 
L aTum i h °V e,eta spik ? “ytsponding to activity in different 

are found m response to antidromic 


volleys""" (Tig. 300). Similarly in the hypoglossal nucleus deep electrodes 
detect slow waves which can be separated experimentally irom the axon im¬ 
pulse, conduction in the soma being nut more tlum one tenth as fast as in 
the axons,‘ ,,ti 1 hese slow soma potentials can b observed when the cells are 
excited antidiomieallv. 

The ganglia ni invertebrate animals are complex in organization. Soma po¬ 
tentials lasting 30 msee, have ben recorded from isolated cell bodies of the 
visceral ganglion of the snail Aphm Their origin is not dear. 1 "' I » !l A closer 
correlation between the histology and physiology of nerve centers is needed. 

Graded localized synaptic potentials precede the discharge of motoneti- 
rones, and soma potentials are slower than axon spikes; the soma potentials 
must have significant inlitteme on the excitability of surrounding neurones. 

Synuptk Delay. At all iutcnieuronie junctions an appreciable time is taken 
for setting up an elicreui impulse. Synaptic delays are longer in centers re¬ 
ceiving impulses over slow ailment iibrs than over fast ones. The older 
measurements of 'Ventral time” in spinal reflexes give little information re 
gaoling synaptic delays bvate.r the mtrnbr of tttiertiemones interposed b 
tween afferent anti motor uemnnes is not known, In two neurone telbces of 
the eat Mnvd iimk rentral delays of 0.7 msec.; these can b reduced by fa* 
{'dilation to a minimum of 0,3 msec* 1 ' " SH Ami in the t«adumotor nucleus of 
tin* rabbit, delays at synaptic junctions averaged 0,7 nm;,^ Delays in the 
slower sympathetic ganglia are much longer. I he superior cervical ganglion 
of the cat shows delays u! 3 and 0 msec., respelively, for two groups of 
units, 1 " 5 and ititerueitmncs probably tin not turn In the stellate gangiimt of 
the squid a single synaptic junction of the giant liher system has a delay of 
0.5 msec, at 24 -A* Ihe sixth abdominal ganglion of the crayfish gives a gan* 
glionic delay of 24 msec.; this may include infernetuonev i ' ,sl In the last 
abdominal ganglion of the cockroach some sensory iibrs from the cerei 
synajist* with ascending giant neurones, the synaptic delay of this system is 
0.61,5 msec., hut then* may be one interneunme/" 1 

beverai explanations *4 synaptic delay have ben suggested; 

1. Axon branches are usually greativ attenuated; conduction is slow in 
small libis, this must b particularly important in sympathetic ganglia 
where there is a basket like arrangement of axon and dendrite branches, 
When allowance is made for terminal slow conduction, the synaptic delay 
is somewhat reduced. 

2. I here may he asynchrony in arrival of impulses over the different 
branches of an axon, hence time is consumed in their spatial summation. 

3. Motoneuroncs have a true excitation time, like the--"utilization time" of 
axons, 

4. lime is required for liberation and diffusion of acetykMinc.or-other 
chemical transmitter from one membrane to another. Shortening of the de¬ 
lay by facilitation may he explained by assuming that-a subliminal quantity 
or tfammittw persists for a time so that a threshold - concentration is at 
tained sooner with a second volley, Diffusion is not a factor if transmission 
is electrical. 

5. I he synaptic potential rises at a certain rate and the time when an j.m< 
pwIseA* started depends on when the synaptic ; potential''-tmthes a critical : 
size, just as with end-plate potentials, lit the squid grant fiber synapse, for 
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example, the synaptic potential reaches its peak in 0,6 msec.; in fatigue this 
local response does not change in latency but Falls in height, the propa¬ 
gated spike arising later on the synaptic potential. 111 In the cat spinal cord 
the synaptic potential begins about 0.5 msec, after arrival of afferent im¬ 
pulses; 0.05-0.1 msec, is needed for conduction in the small afferent fibers, 
and the delay can be shortened by facilitation to 0.2-03 msec. Motor im¬ 
pulses can be started only during part of the rising phase of the synaptic- 
potential, 1 msec, or less according to facilitation. m A synaptic delay is re¬ 
quired to remove the intial anodal focus and permit cateleetrotonic spread 
of the local synaptic potential. 127 

Refractory Period . In general the absolute refractory period at synapses is 
similar to the refractory period of the efferent nerve fibers. Measurements of 
motoneurone refractory periods for several mammalian centers have been made 
by preceding an afferent volley at varying time intervals by an anti¬ 
dromic volley (impulses entering the center through the efferent neurones). 
By this method the refractory period of the oculomotor nucleus is 0.5 0.6 
msec.; 2 ® 3 that of the cervical sympathetic ganglion is about 2 msec, for the 
fastest units. 68 

Some centers fail to follow repetitive stimuli at lower frequencies than 
do isolated axons, but this failure is not a direct measure of refractoriness. 
In the crayfish, for example, transmission across the sixth abdominal ganglion 
stops at 10/sec. while sensory impulses enter up to 100/sce. 389 In fresh 
preparations die junctions from giant fibers to motoneurones of the cray¬ 
fish show no longer refractoriness than the giant fillers, but with slight fa¬ 
tigue they are blocked at 30-50/sec. 433 In the cockroach sixth ganglion the 
synapse between cereal sensory fillers and ascending giant fibers follows up 
to 400/sec. 361 

The refractory period of the giant fiber synapse in the stellate ganglion of 
the squid is less than that of preganglionic fibers, Impulses can follow 
across the junction at rates as high as 475/sec., and a local response, too 
small for spike initiation, may be elicited with no absolute refractoriness. By 
analogy with muscle, where the graded response shows no refractory pe¬ 
riod, the synaptic potential also probably has no true refractory period. 

Facilitation, By synaptic facilitation is meant the requirement that more 
than one incoming impulse is needed to excite a post-synaptic neurone. One 
incoming impulse may be ineffective alone, but when accompanied by oth¬ 
ers it is effective. Most synaptic transmission requires facilitation; there are, 
however, some interneuronic junctions as in invertebrate giant fiber sys¬ 
tems in which conduction is one-to-one, and no facilitation is required for 
transmission. 82 

Some of these junctions are non-polarized, as in the longitudinal con¬ 
duction in giant fibers of annelids and crustaceans. Others are polarized, as 
in the squid stellate ganglion and the connection between lateral giants and 
motor fibers in the crayfish. Facilitation does appear, however, when these 
systems are fatigued. 

In the coelenterates, facilitation in the nerve net is marked and often 
necessary for the elicitation of a mechanical response, The excitatory process 
persists for several seconds (see p. 595). It appears likely that primitive 
interneuronic junctions required facilitation for transmission and that the 
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one-to-one relay conduction of giant neurone systems is a relatively evolution¬ 
ary development. 

When an interneurone or motoneurone is stimulated by two incoming vol¬ 
leys -separated by different times, the second volley is usually found to be 
most effective at two periods after the first; these are periods of early and. 
of delayed facilitation. 

1. Early facilitation (spatially determined). Two afferent volleys converg¬ 
ing over different axons on one motoneurone are most effective when syn¬ 
chronous. One afferent volley alone may not be able to elicit a motor re¬ 
sponse, but together they summate. If one volley is delayed after the first, it 
becomes less effective as the excitatory process from the first decays. Vary¬ 
ing the interval, then, between spatially converging subliminal impulses is 
useful in showing the time course of the excitatory process. Temporal sum¬ 
mation at one synapse (bouton) is impossible because of refractoriness. Spa¬ 
tial summation is generally required for synaptic excitation. This is well 
shown in the tail of the crayfish, where flexion of one sensory hair on a uro- 
jxxl sends one impulse into the sixth abdominal ganglion; stimulation of sev¬ 
eral, usually four, adjacent hairs is necessary to elicit one efferent (post syn¬ 
aptic) impulse. 334 In vertebrates it is not probable that a single impulse in 
one afferent axon ever elicits a reflex response. 

In the superior cervical sympathetic ganglia of the cat two submaximal 
volleys in different preganglionic 'branches sum maximally at synchrony, the 
summation declines to zero at 4.5 msec, 123 ’ 367 In the oculomotor nucleus of 
the rabbit summation between two converging volleys declines to a minimum 



Bg. 301. Facilitation curve of motoneurones of oculomotor nucleus of rabbit. Motor 
response in mv. to a test shock to presynaptic (floor) neurones at interva s m msec 
(abscissa) after a conditioning shock. uncT, Height of response of unconditioned test 
shock. From Lorente de Nd. 3 " 

at 0.5 msec, separation* (Fig. 301). In monosynaptic spinal reflexes of the 
cat the facilitation falls to half the maximum of simultaneity atabout 2. 
msec.** The early facilitation represents the time course of decay of the syn 

“I" M?imitation. The second type of facilitation represents entonced 
excitability of receiving neurones after the initial excitatory poc» has 
passed; this facilitation can be detected by test volleys m either thy» 
different incoming pathways. In flexor reflexes of the cat, fewWg 
and Sherrington™ observed a maximum response to a 

ley 12-20 msec, after an initial volley. The enhanced excitability after re 
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covery resembles the supernormal period in cardiac muscle (Ch, 15). Ex¬ 
planations have been suggested as follows: 

(a) It is difficult to account for this delayed facilitation on the basis of 
persistence of any chemical transmitter unless it is assumed that a second 
excitatory substance is liberated. 

Q>) In nerve fibers the excitability returns during the refractory period 
and is supernormal during the negative after-potential. Similar enhanced ex¬ 
citability can be produced by cathodal polarization, catelectrotonus. In some 
nerve centers the late facilitation is at a time of delayed negativity. A rela¬ 
tion between reflex facilitation and slow negative potentials in the spinal 



(A) 




(» <C> 


Fig. 302. (A) Diagram of delay path circuit in oculomotor nucleus. F, Floor neurone; 
I, interneurone; M, motoneurone;'O.N., oculomotor nucleus; COL, colliculus; MED., 
medulla, Modified from Lorente de N6.*” (B) Schema of a delay path (multiple chain) 
circuit with three successive intemeuroncs. (C) Schema of a closed reverberating chain 
circuit of internuncial neurones. From Lorente de Nd.*" 4 

cord is indicated. 21 ® In the superior cervical sympathetic ganglion the gan¬ 
glionic response consists of one or more spikes, lasting 6-8 msec., followed by 
a slow negative wave persisting 50-100 msec. 12 ® 1287 When two preganglionic 
volleys enter the ganglion at such an interval that the second enters during 
the slow negative wave due to the first, a spike results which is facilitated 
and has shorter latency than when the second stimulus is applied alone. The 
time course of this facilitation follows the slow negative wave according to 
Eccles, 12 ® but not according to Rosenblueth and Simeone, 307 
(c) A third explanation for delayed facilitation is by-pass conduction in 
interneurones. In the oculomotor nucleus 262, 264 e.g., neurones are ar- 
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ranged with direct connections of ascending "floor” axons to the motoneu- 
rones and indirect connections via many parallel intemeurones (Fig. 302, A). 
The late facilitation is maximal at about 1 msec. (Fig. 301), The time course 
of this late facilitation is such that internuncial impulses are arriving at the 
motoneurone at the peak of the facilitation, and the internuncial impulse 
from volley one arrives at the same time as the direct impulse from volley 
two. Prolonged facilitation can occur if there is a chain of successive inter¬ 
neurones (Fig. 302, B). Facilitation can be altered by lesions to side path¬ 
ways, and when motor responses are. asynchronous the latencies of the late 
waves can be altered by facilitation. In the oculomotor nucleus, then, sub- 
maxinuil internuncial bombardment seems to account for late facilitation, 
impulses from one indirect path adding to later ones from another and di¬ 
rect path. Temporal summation is in this sense spatial summation. Such an 
explanation of delayed facilitation is not applicable to centers like sym¬ 
pathetic ganglia which lack interneurones. 

Curves of delayed facilitation have not been obtained for any non-mam¬ 
malian nerve center. 



Fig. 303. Schema illustrating electrical theory of direct inhibition. It is assumed that 
the small golgi neurone is excited suhlirainally and that its synaptic potential creates a 
negative sink, causing outflowing current in the motoneurone and there producing a 
region of anelectrotonus. From Kecks. 1 " 


Inhibition, In a series of classical experiments Sherrington demonstrated 
iat under certain circumstances reflex responses can be diminished by sen¬ 
ary impulses. Me proposed that a central inhibitory state (US) counter¬ 
's a central excitatory state (CHS). Some afferent nerve fibers are mhibi- 
>ry, others excitatory. One afferent neurone can probably be excitatory and 
lhibitory to different neurones, although this is not proved. Singe m i i 
;>ry fibers have been isolated in arthropod motor nerves (Oh. . ) 371 1 
roe sensory nerves. 233 Just as with facilitation, there are two times o syn 
ptk inhibition, early and delayed. Inhibitory impulses may prevent moto- 
eurone stimulation if they arrive simultaneously with, or namediatel)> be- 
ore, the excitatory impulses. The two-neurone reflexes are t us in i 
ty afferents in specific ipsilateral sensory fibers. 2 ® 8 - wn 

A specific inhibitory substance might be liberated at synap , & 
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agent may be excitatory for some, and inhibitory for other receptor cells. In¬ 
hibitory mediators occur in the heart and in smooth muscle, but there is 
no evidence for inhibitory agents in nerve centers. 

An electrical hypothesis of direct inhibition makes use of the short (2*3 
mm.) "Golgi” interneuroncs which are found in many parts of the central 
nervous system, particularly in the spinal cord (Fig. 303). w Such a neurone 
might be excited by an inhibitory axon to produce a graded synaptic poten¬ 
tial which would be conducted electronically over the short neurone and 
on entering the motoneurone produce there regions of decreased excitability 
or anelectrotonus, These would compete with excitatory synaptic potentials 
set up on the motoneurone and prevent the initiation of a propagated im¬ 
pulse. 

Another postulate is that inhibitory endings arc so distributed that excita¬ 
tory fibers are unable to depolarize a sufficient area for excitation. 

The second type of inhibition has a much longer latency. Sherrington ob¬ 
tained maximum inhibition of flexor reflexes in cats if the inhibitory volley 
preceded the excitatory volley by 30 80 msec. This inhibitory process builds 
up and declines more slowly than the excitatory process. 

The delayed inhibition may result from slow positive potentials in nerve 
centers. It was stated above (p. 780) that, during the positive after-poten¬ 
tial, nerve fibers are depressed in excitability. This is similar to lowered excit¬ 
ability in anodal polarization, anelectrotonus. Slow positive waves have been 
recorded from numerous centers, but their interpretation is difficult because 
they vary with electrode placement and the origin of slow potentials in nerve 
centers is not well known. Correspondence between diminished excitability 
and positivity in the anterior born of the spinal cord has ken indicated. 215 
In sympathetic ganglia a long-lasting positive wave is maximal at 100*200 
msec. 128 ' 287 The excitability of the ganglion for preganglionic volleys is 
diminished in a time course corresponding well with the slow positive poten¬ 
tial. 125 Such correspondence did not appear'when the ganglion was condi¬ 
tioned by tetanic preganglionic stimulation. 357 In the vertebrate retina a cor¬ 
relation has been suggested between positivity of the retinal potential (neg¬ 
ativity of the ganglion cells of the inverted retina) and the setting up of 
optic nerve impulses, also between the reverse state (positivity of the gan¬ 
glion cells) and cessation of optic nerve discharge (inhibition). 170 What¬ 
ever the temporal relation between inhibition and positive after-potentials in 
nerve centers, any prolonged positivity will certainly lower the excitability of 
synapses within its electric field. 

The neurone circuits of parts of central nervous systems are very com¬ 
plex. It is possible to construct circuits which are reasonable anatomically and 
which are properly timed to account for inhibition. ja# Impulses entering a 
center over one path and acting through interneurones may be cancelled by 
impulses from another pathway which arrive at such a time earlier as to 
leave the interneurones inexcilaBle. 

THe time course of inhibition has not ken examined in any non-mam¬ 
malian center. There are many examples, however, of the inhibitory action 
of one center on another, Integrative centers maintain a balance between 
inhibition and excitation of motor centers. Examples of these will be con¬ 
sidered below. 
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Inhibition is essential in the antagonistic action of muscles, An afferent 
volley which stimulates flexor motoneurones normally inhibits the motoneu- 
rones of antagonistic extensor muscles, and vice versa, Such reciprocal ex¬ 
citation probably occurs in many metazoans. The longitudinal and circular 
muscles of an earthworm are reciprocally innervated. Even in medusae, 
where the nervous system is a diffuse nerve net, there are reciprocal con¬ 
tractions of circular and radial muscles. 54 Whether reciprocal inhibition ac¬ 
companies these alternate contractions is not known, but it is likely. 

The term inhibition has also been applied to the cancellation of one wave 
of activity by another. For example a doughnut-shaped ring can be cut out 
of a jellyfish and a wave of contraction started in both directions from a 
stimulus at a point; these waves will cancel when they meet. 285 Two oppos¬ 
ing waves of luminescence in sea fans cancel when they meet. 224 No evi¬ 
dence for periods of depressed excitability has come from the use of paired 
or repetitive stimulation of coelenterates. The cancellation of colliding waves 
is probably due to refractoriness of conducting pathways, 

After-discharge. Frequently a single afferent volley sets off a repetitive dis¬ 
charge which long outlasts the stimulus. Some reflexes are brief responses, 
as the knee jerk, others persistent, as the scratch reflex. Three explanations 
of after-discharge may he considered: 

1. After-discharge may result from the persistence or continued likration 
of liminal amounts of a chemical mediator, such as acetylcholine. An eser* 
inized sympathetic ganglion, for example, may give repetitive response to a 
single preganglionic volley. 62 ' 367 

2. After-discharge may result from delay paths and circus conduction. A 
message may pass around a ring of neurones, returning periodically to excite 
the same motoneurone over a side branch. Lorente de No has descrikd such 
pathways in several centers and has demonstrated their action in the oculo¬ 
motor nucleus preparation 262 ' 264 (Fig. 302, G). A gross example of circus 
conduction is afforded by cutting a doughnut-shaped ring out of a jelly- 

, fish.184.285 if a wave i s started in both directions, then blocked on one side 
by pressure and allowed to continue on the other side, a circusing self-per¬ 
petuating wave can he kept going for many hours; the same units are re- 

excited repeatedly. , f 

3. A third explanation of after-discharge is based on the property of many 
centers of showing spontaneous rhythmicity. Often neurones are capable of 
rhythmic activity and need only a slight stimulus to trip t em o . }mp 
thetic ganglion cells can be made to fire repetitively by slight 

changes, as with acetylcholine, low calcium, etc. ere is 


between test and activity. 

"Spontaneous" Activity of Nerve Cento* Many neiv “f® ““ 
from incoming sensory messages exhibit activity, h. genera, mtegmove^cen¬ 
tos such as the cerebmm, midbrmn nuclei, and the cenPa gan^anne 
lids and arthropods show spontaneity more than do dtsm b^ngratts h 

as sympathetic ganglia and sensoty uncle,. There >«' W ^ 

that any mammalian nerve center is spontaneously a uve, “ 

sensory stimulation or reverberating chains, a t ojg ) ^ act i v ity is seen 

have been recorded from the spinal cord of curanzdeax d y 
in isolated bits of cerebellum (Snider, personal communication;. non. , 
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most nerve cells have the ability to discharge without stimulation by other neu¬ 
rones if the chemical environment is suitable. The “spituiimusly" active 
cells can be considered as relaxation oscillators where a continuous source of 
energy, e.g., oxidative system, stores up potential to a critical value and then 
the cell'membrane'breaks down. In this sense such activity is not sjmntarre- 
ous but rather a response to the chemical environment. Nervous pacemak¬ 
ers in hearts have been discussed above (Cli. 15). A classification of ner 


vous rhythms is given by Bullock. 77,711 
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Fig. 304, Types of rhythmic .activity in central nervous systems: A, SyndtRiiii/rd 
spontaneous rhythm from isolated olfactory bulbs of frog: «, freshly isolated bulb; k, 
small isolated bit of bulb) c, after 30 min. in Ringer; A, single separated bulb; e, control 
on optic lobe some time after isolation. Time, horizontal line*--1 sec. From Libel and 
Gerard. 8 ™ B, Electroencephalograms of different men recorded from skin over uedpital 
lobes with eyes closed. From Davis and Davis, ,w €, Spontaneous activity in isolated 
abdominal ganglion^ of crayfish, showing asynchronous rhythms in several designated 
neurones.- Increase in potassium content of saline by two times and in calcium content 
by three times causes initially an increase and later decrease in frequency. Letters identify 
impulses in individual neurones. From Prosser.* 18 

Asynchronous Spontaneous Activity. In some nerve centers each neu¬ 
rone is independent of other neurones, although a given cell may discharge 
more or less rhythmically, different neurones having different frequencies. 
Such asynchronous activity is found in ganglionic nervous systems of anrte- 
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Ihnr way out to body muscles and are tonic in character; incomine me-accs 
are superimposed on the spontaneous background (Fig. 304) The'"spon¬ 
taneous activity in the different units originates in the non-axon ponioiV of 
the neurone, as is shown by the cutting of intergangliomc commissures. 

Synchronous Spontaneous Rhythms, In most nerve centers, however 
there is some synchrony among the different neurones. A synchronized 
rhythm may he a coordinated periodic discharge of many units, each unit 
being active once for each wave, as may hold for “brain waves.” Or the 
rhythm may be slower, each unit discharging several times for each wave, 
as in the ganglionic pacemakers of arthropod hearts or in respiratory cen¬ 
ters. 

'The forebrain of fish, 10 of frogs (Fig. 304, A), 255 and of mammals, 11 all 
show rhythmic waves of much longer duration than axon spikes. Just what 
is the "unit discharge" in a wave is not clear. Probably each cell depolariza¬ 
tion lasts much longer than an axon spike but not so long as a full brain 
wave. Gerard 100 has suggested that the brain wave represents electrical oscil¬ 
lations of soma (non-axon) potentials rather than propagated discharges. The 
cortical rhythm in n several mammals is predominantly 10/sec., with faster 
and slower components superposed. However, this rhythm can be broken 
up into short-duration components, can he replaced by irregular asynchron¬ 
ous activity, and can change in frequency and pattern as a result of mental 
activity, sensory stimulation, or the influence of various salts and drugs. _ 

Electrical activity, as shown by the electroencephalogram (EEG), remains 
in monkeys after removal of the cortex, but is profoundly altered by lesions to 
basal ganglia and is abolished if both thalamus and hypothalamus are re¬ 
moved. 200 

Synchronized rhythms resembling vertebrate brain waves have been seen 
occasionally in invertebrates, as in ganglia of the slug, AMmaxF The op 
tic lobes of the brain of Dytiscus, when the eyes are illuminated show a 
rhythm of 20-40 waves per second, whereas in darkness a synchronized 

rhythm of 7-10 per sec. appears. 7 ■ ■ , . . 

The slow rhythms in which each neurone clearly discharges several times 
for each wave are best illustrated in respiratory and cardiac pacemakers. Iso- 
Ll nerve cords of so* insects show rhythmic discharges c«F-to» 
breathing rate; each axon discharges several tones dunng 
burst. Smite repetitive activity is found in single , «* .*» «£“ 
rmninforv center as indicated in phrenic nerve axons or muscle units. 

e ssa—txc. Uv—“ 

sma\ WB T , : t c w hi c h synchronous waves can be con* 

Synchronization. The ease witn . ^ hronv is a pattern imposed 

verted to asynchronous activity suggests thamechanismsofsyn- 
on a more or less continuous background. Two suggested me 
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the discharge of the smaller motor cells. 188,3:15 When certain nerves are cut 
(crustacean .nerves), or when one cut end from each of many types of 
nerve is dipped into a citrate solution, the injury sets up activity which be¬ 
comes synchronized, possibly by electrical means. 0 Electrical polarization of 
pacemaker neurones in the Linmlns cardiac ganglion increases the synchron¬ 
ization and frequency of discharge. 83 

2. Circus conduction in a closed ring with side-branching neurones can 
maintain a synchronized rhythm (Fig. 302, C). Interruption of subcortical 
tracts in mammals alters the brain-wave synchrony. Similarly the respiratory 
center is composed of several centers, and interconnections among these are 
essential for synchronized respiratory discharge. 324 

The significance of "spontaneous” activity in central nervous systems is 
not clear. It may have a motor effect, although muscle tone is largely re¬ 
flex. More probably spontaneity represents a state of "tone" or high excit¬ 
ability in the central neurones. 

NERVE NETS 

In the preceding discussion of the properties of synaptic conduction many 
examples were chosen from coelenterate nerve nets. It is thus evident that 
coordinative nervous functions evolved very early. Nerve nets, or diffuse ner¬ 
vous systems, have been best studied functionally in eoelenterates, both polyps 
and medusae, and in clenophores. Early histologists 48,182 pictured the nerve 
net as anastomosing fibers of multipolar and bipolar neurones. Evidence 88,438 
from vital staining shows that the fibers do not fuse; the junctions are not 
structurally polarized hut the nerve net is probably not a syncytium. 

Conduction in a coelenterate nerve net proceeds freely in all directions; 
impulses pass around comers and across narrow bridges. Further, a contrac¬ 
tile wave dies out with distance of conduction in some cases, and this has 
been cited as evidence that nerve net conduction is decremental, Actually, 
the picture of a non-polarized diffuse conducting system is too simple for all 
the facts. There is condensation of fibers into nerve trunks in sea anemones 
and in medusae. Conduction in some trunks is fast, also speed of conduction 
in the subepidermal net in anemones varies greatly in different regions. 312 
Thus definite conduction pathways serve specific functions, even in coelen¬ 
terate nervous systems. 

Nerve nets also show facilitation. Repeated impulses are needed to produce 
threshold excitation (Fig. 227, Ch, 16) in anemones, 311 and responsiveness 
is enhanced after a volley in medusae. 74 The strength and extent of a con¬ 
tractile response depends on the number of impulses delivered to a given re¬ 
gion of the nerve net. The decremental appearance of conduction in a nerve 
net can be explained in terms of decreasing facilitation at junctions, as a 
wave spreads out from its point of origin. Facilitation may sometimes lead to 
supernumerary discharges, a sort of after-discharge. 

Two waves of action in a nerve net cancel when they meet, whether in¬ 
dicated by blocking of contraction 288 or of luminescence 204 (see p, 805), 
probably because of refractoriness. In a jellyfish ring, 240 if the absolute re¬ 
fractory period of the nerve elements (0.25 sec. at 24.5°, 0.8462 sec. at 
15°) exceeded the circulation time, the wave stopped, Cancellation of a 
wave by mechanical pressure raises the possibility that some of the net con- 
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duction is reflex in nature; i.e., that contracting muscles re-excite conduct¬ 
ing fibers. Reciprocal contraction of circular and radial muscles does occur. 54 
The possibility of such reflex arcs in nerve net systems seems not to have 
been explored. 

PERIPHERAL VERSUS CENTRAL CONTROL OF LOCOMOTION 
A subepidermal nerve network exists in many animal groups-echinoderms, 
halanoglossids, annelids, and molluscs. Jordan 230 has called those animals in 
which behavior is under peripheral control the "hohlorganartige Tiere.” Jor¬ 
dan and his students think of the peripheral network in invertebrates as anal¬ 
ogous to autonomic ganglia, centers of distribution of certain centrally orig¬ 
inating messages. To what extent can the peripheral system act independ¬ 
ently? It is appropriate to compare locomotion in many invertebrates with 
movement of the mammalian intestine, in which the nerve network is es¬ 
sential for coordinated movements, even though the muscle may he capable 
of spontaneous movement. The subepidermal nervous system and the cen¬ 
tral nervous system may be in competition with respect to locomotor control. 
The competition between peripheral and central nervous components is of 
phylogenetic interest. In general, in more sluggish animals, the peripheral 
system is more important, and in more active forms central reflexes take over 
locomotor reactions. Even in animals where locomotion is entirely centrally 
controlled, visceral plexi remain autonomous, e.g., the myenteric plexus of 
the vertebrate intestine and the stomatogastric system of annelids and arthro¬ 
pods. 

The peripheral portion of the nervous system is more important for loco¬ 
motion in echinoderms and in halanoglossids than in any of the worms, mol¬ 
luscs, or arthropods. The nervous system of echinoderms consists of a central 
oral ring from which the radiating ambulacral nerves originate. These radial 
nerve trunks contain cell bodies and connect by branches to the peripheral 
network which innervates tube feet, spines, etc, 388 The peripheral network 
contains ganglion cells, in Echini in rings at the base of large spines. The 
peripheral nerve network can conduct impulses independently of the ring 
and radial nerves. Jennings 224 cut through a radial nerve of a starfish and 
found that a prick at the tip of the injured ray caused pedicellariae of other 
rays to rise. In a piece of the dorsal body wall of a starfish, stimuli in any part 
excite all of the pedicellariae on the piece. If one arm of an ophiuroid is 
placed under tension, excitation of the ring goes to the stretched arm rather 
than to other arms. 416 Similar observations were made with fragments of sea 
urchin shells, in which spine movement in response to NaCl stimulation 
was studied. 241 A piece of paper soaked in NaCl caused a nearby spine to 
bend toward the stimulus; if a cut was made between the paper and : the 
spine, there was no response. If one spine was pulled, a nearby one was 
stimulated to bend; if a cut was then made between the two, the excitation 
still spread from one to the other, provided a third spine was at the end ot 
the cut. If a spine was held so that it could not move, waves were not con¬ 
ducted past it. These results indicate that the ganglion cells at the base ot 
each spine constitute local reflex centers, and that the peripheral system is 

not a continuous network. , , 

The starfish central ring has a directive function. A starfish with radial 
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nerves cut eventually rights itself but shows poor coordination.*’ If all ele¬ 
ments of the ring arc removed, an isolated arm travels toward its base; if a bit 
of the ring remains, the arm moves toward its distal end; if the ring is cut in 
two places, the starfish pulls itself in two. Ophiuroids show no fixed central 
control but a "plastic reciprocal relation between peripheral conditions and 
central functioning’’. 246 In two monographs Smith*- •'»«« has described the in- 
terrelations between peripheral plexi, and radial and ring nerves as a series 
of reflex arcs. In general, the central ring of echinoderms is directive, the 
radial nerves are necessary for true locomotion and righting, but alone the 
peripheral system can permit a certain amount of coordination between 
pedieellariae, spines, etc. 

The nervous system of balanoglossids (Enteropneusta) consists of a sub- 
epidermal plexus, together with dorsal and ventral cords and collar trainee 
tives. Experiments in which the cords were cut showed that the suix-pi 
dermal network can conduct both circularly and longitudinally hut conducts 
more readily circularly. Conduction in the proboscis is entirely by way of the 
subepidermal network. The dorsal, ventral, and collar trunks seem to be 
essentially conducting cords and show little integrative activity. 

In tunicates a single ganglion lies between the two siphons, Exwrimental 
work has been done largely on Ciona and Ascutto, in which a tieripheral 
nerve net has not been adequately demonstrated. When the ganglion is re¬ 
moved or cut transversely, intersiphonal reflexes are abolished. 

Strong protective reflexes are also abolished. Local responses of a single 
siphon and of the body to mechanical stimuli remain, hut reaction time is 
increased and excitability diminished. Opinions are equally divided as to 
whether tonus is increased or decreased by extirpation of the ganglion.* 17 A 
contraction wave was conducted around a cut which slit a siphon, 111 It 
seems certain that a direct connection exists from epidermal receptors to 
underlying muscles m ascidians, but conduction and tonus properties of the 
muscle need elucidation, 1 

Among higher chordates peripheral nerve networks persist only for am 

I?Til! lT h mUSC e m / ovement ’ E articularI y 111 the On the other 
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mental nerves, containing both sensory and motor fibers, which connect with 
the suixqmlermal plexus. Can this peripheral network conduct impulses along 
the body? Can a strip of earthworm body wall move spontaneously? Are 
epidermal sense cells connected through the peripheral network directly to 
muscles? ; 

It has long lieen known that if the ventral nerve cord is cut or is removed 
from the earthworm for several segments, peristaltic waves still pass from 
one end of the worm to the other. Peristaltic transmission occurs if the two 
pieces oi a transected worm are connected by a thread or when a few seg¬ 
ments are anesthetized. 1411 If part of the nerve cord is removed, a wave of 
mucus secretion fails to pass from normal to denervated segments. 101 If the 
nerve cord is removed from more than three segments and those segments are 
firmly pinned down so that no pull can he exerted beyond them, no peris¬ 
taltic wave passes, but if fewer than three segments are denervated and 
these segments pinned down, a wave is conducted. 880. Action potentials in 
the segmental nerves show that each nerve serves three segments, the different 
nerves serving overlapping fields which are fairly discrete. When one nerve 
is stimulated there is contraction in its own segment and, to a less extent, in 
adjacent segment^.* 10 When a T-shaped cut is made in the lateral body 
wall of an earthworm, transmission of a contraction wave occurs "around 
the corner" if the nerve cord is intact, but not when the nerve cord is lack¬ 
ing,* 1 ” 

Spontaneous contractions have been seen in strips of earthworm body 
wall lucking the ventral nerve cord and have been denied. 337 Janzen 210 ob¬ 
tained spontaneous periodic contractions in strips of earthworm body wall 
which had been narcotized during dissection, but not in non-narcotized 
strips; the contractions were usually local hut could be propagated; the two 
muscle layers could contract separately, Hatai 186 reported spontaneous activ¬ 
ity in dorsal strips from the posterior end of Allolohophora, but not from 
the anterior pnrtitm, and not at all from Perichaeta. When dorsal pieces are 
isolated in Lumhrim the muscles of segments anterior to and including the 
ditellum often contract at the edges for hours after excision, this probably 
king a response of the muscle to injury; these excised segments fail to show 
spmtaneous movements. Pnstclitellar strips relax but are not spontaneously 
active. Dorsal strips consisting of about twenty extreme posterior segments, 
however, sometimes show spontaneous contractions. 887 It appears then that 
posterior regions of the dorsal body wall of earthworms are capable of spon¬ 
taneous movement and that contractions can occur in conducted waves, but 
{here is no reason to implicate the subepidermal plexus. Conduction may be 
from muscle cell to cell as in vertebrate smooth muscle. The body wall muscle 
may, like the smooth muscle of the mammalian intestine, be capable of 

some intrinsic movement. , , , , 

fan/en 2,B found that tactile stimulation of dorsal body strips elicited con¬ 
tractions, usually local but sometimes propagated; spontaneously active 
strips showed tlte best responses. The body wall muscle may be responding 
M .lira, stimulation. I hwever, in a few of the preparations from the posterior 
end of 1 rinthrtcus a dear-cut response to bright illumination was obtamed 
after dark adaptation.*" It is probable that in the response to illumination 
and to very light touch there is some direct connection between sense end- 
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ings and muscle. However, the weakness and the local nature of the response 
and its virtual absence in anterior segments show that it can hardly be of 
importance in behavior. 

The preceding evidence indicates that the subepidermal plexus of the 
earthworm is not a true nerve net for general conduction, that although there 
may be connections through it from sense cells to muscle these cannot be 
of importance in behavior, and that there is no indication that the network 
plays any part in initiating spontaneous movement of the body wall. The 
peripheral plexus is probably a sensory relay area since there are many 
more epidermal and muscle sense cells than there are segmental nerve hirers. 

It is possible that among more primitive annelids the connection through 
the peripheral plexus from sense organs to muscle was important hut that in 
earthworms the central nerve cord has now taken over complete control. Cer¬ 
tainly among polychaetes (e.g,, ArenicolcP 2 ) there is no evidence of any 
conduction of peristaltic waves except by way of the nerve cord. 

In gastropod molluscs a subepidermal plexus has been described, rarlicu- 
larly m the foot« Small pieces of the foot of a slug show peristal* move- 
men , Jordan removed the paired pedal ganglion from Aplysia and noted 
a marked increase in tonus of the "wings”; this was arbitrarily attributed to 
a release of the peripheral net from inhibition by the pedal ganglion. When 
ganglionic connections to the "wings” of Aplysia were cut* 01 and one of the 
motor nerves was stimulated, there was an immediate contraction of the area 
served by that nerve, followed by a peristaltic wave which spread out from 
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Collier 100 suspended 20-40 intact segments of earthworms in a saline bath 
and found no peristalsis if the worms were carefully balanced. If, however, 
a slight stretch (0.1-1.0 gm. on the recording lever) or a tactile stimulus was 
applied, peristalsis resulted (Fig. 305). Tension and touch elicited peristalsis 
only if the preparation was normally innervated. When the tactile receptors 
are anesthetized, peristalsis can be intiated by tension. 

A tension-induced peristaltic reflex can he inhibited by strong tactile stimu¬ 
lation, e.g,, by touching the anterior end during a tension wave 100 (Fig. 305). 
Whether the blocking effect of an antiperistaltic wave is due to central in¬ 
hibition or to refractoriness somewhere in the reflex chain is not clear. Main¬ 
tained tension sets up rhythmic contraction's at a maximum frequency of one 
every two seconds; the frequency increases to a maximum as the applied 
weight is increased. If the weight is applied for only 0.5 second, a rhythmic 
response occurs, a sort of after discharge which may last as long as 3 minutes. 
In the leech not only tension and contact but also exteroceptive stimuli from 
the sucker are capable of eliciting peristaltic reflexes. 170 The leech nerve cord 
shows asynchronous spontaneous electrical activity when isolated, and a 



pjg. ,305. Reflex rhythmic contractions in nn earthworm in response to tension applied 
at arrow and inhibited by tactile stimulation of dorsal surface at time indicated by signal 
magnet record above response, from Collier. 1 "" 

rhythm corresponding to the contractile rhythm when connected to an active 
piece of the hotly wall. Peristalsis can be started in an earthworm 175 by elec¬ 
trical polarization with the anterior end positive and peristalsis can be in¬ 
hibited by reverse polarization. 

Peristaltic locomotion in the polychaete Arenicola is likewise controlled by 
segmental reflexes, and stimuli at the anterior and posterior ends cause oppo¬ 
site parapodial movements. 238 Motion pictures of Nereis in locomotion 17 ' 1 
show patterns of movement successively involving clumps of 4 to 8 parapodia. 
Accompanying the wave of parapodial beat the longitudinal muscles on the 
same side contract while those on the opposite side relax. Thus the Nereis 
crawls in the direction in which the wave travels over the body and not, as 
does the earthworm, in thc opposite direction. 

The earthworm peristaltic reflex is segmental, bi-segmental or tri-segmental 
in character, with reciprocal innervation of longitudinal and circular mus¬ 
cles. Circular muscles contract while longitudinal muscles relax, and the 
diameter of the animal is reduced. Then longitudinal muscles contract, 
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shortening the worm. Strychnine stimulates the motor system for both sorts 
of muscle, so that under strychnine the worm shortens and also constricts; 848 
normally one group of motoneuroncs is inhibited while the antagonists are 
excited, Janzen 219 described correlative reflexes controlling the setae. The lo¬ 
comotor reflexes have both homolateral and crossed nervous components. 

The rhythmic contraction waves of peristaltic locomotion in annelids re¬ 
quire chain reflexes involving tactile or muscle or sucker receptors and an¬ 
tagonistic central arcs, What recovery mechanisms are so slow as to deter¬ 
mine the frequency of contraction under continuous stimulation is not dear, 
but they may well be in the muscle rather than in the central nervous sys¬ 
tem. 


Arthropods. Arthropod locomotion depends on central conduction and on 
segmental reflexes which show more complex connections than in annelids. 
In insect larvae such as Lucanus, peristalsis depends on the integrity of the 
nerve cord. 47,1 When a segmental nerve is cut, its segment is paralyzed but 
conducts a wave to succeeding segments if the cord remains intact. Tonus 
is lost in skeletal muscles of a silkworm if ganglia are removed. 8 "" In some 
lepidopteran larvae (noctuids), each segmental ganglion serves its own seg¬ 
ment and the one ahead. 207 ' , 


r lie retiex control of insect walking r . 

cise - In 1899 Pompilian noted some automatism of thoracic ganglia for leg 
movements in Dytiscus. blight can be initiated reflexly by removing the jegs 
horn support; i.e., tarsal contact inhibits flight. 1,1(1 Leg muscles of scorpions, 
crayfish, and some beetles show tonic low potential discharges at 30 40/see. 
during rest, and muscle potentials of higher amplitude and frequency during 
activity. 301 When one or two segments-ganglion and limbs-are'isolated, 
reciprocal alternate contractions of flexors and extensors in successive seg¬ 
ments occur. Pringle 320 made similar observations on the cockroach and no¬ 
ted crossed inhibition. A variety of operations on the nervous system of the 
walking stick Dixippus show that each leg by its motion lias a reflex stimu- 
lating effect on neighboring legs. 011 

When the normal sequence of leg movement is upset by removing legs 
rom jarious’ spiders, crabs, beetles, etc,, changes in coordination occur at 
once. • - _ Legs which previously alternated now work together, pedipalps 
may function m locomotion, swimming is carried out by other legs than it is 
normally Holding a leg is not equivalent to removing it. The changes occur 
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Prosser 331 recorded action potentials from various segmental nerves and 
from the central nerve cord of the crayfish. By stimulating different append¬ 
ages and making appropriate cuts, he obtained a functional map of the nerve 
cord. The available connections are multiple; which ones are used in a given 
behavior pattern must depend on the strength of stimulus and on the ease 
of passage through a particular reflex arc. 

Locomotor rhythms in insects and Crustacea, as in annelids, are reflex in 
nature, and a variety of patterns of locomotion may be used, depending on 
external requirements. 

Molluscs. In gastropod and pelecypod molluscs, locomotor reflexes are 
mediated by three pairs of ganglia—cerebral, pedal, and visceral. 

Pavlov in 1885 experimented with the mussel Anodonta, Spontaneous ac¬ 
tivity of the foot stopped when the visceral ganglion was removed, but tonus 
could still be maintained in the adductor muscles after they were denerv- 
ated. The posterior adductor muscle received motor (exciting) impulses from 
the visceral ganglion, the anterior adductor from the cerebral ganglion; both 
adductors received inhibitory fibers from the cerebral ganglion. In the razor- 
shell clam E nsis m local stimulation qf the foot failed to elicit general re¬ 
sponses . if the sensory connections to the cerebral ganglia were eliminated. 
Crossed responses go from one cerebral via the visceral back to the other 
cerebral ganglion. 140 In Mytilas m all of the ganglia act somewhat independ¬ 
ently; e.g., if the cerebral ganglion is removed the foot still spins and creeps, 
by pedal control. If the visceral ganglion is removed, opening and closing 
reactions to changes in freshness of water are lost. All of these observations 
argue for fairly restricted control of local areas by specific ganglia in pelecy- 
pods. 

In gastropods the pedal ganglion gives off a series of nerves which appear 
to discharge successively to elicit peristalsis along the foot. 40 When the pedal 
ganglion of Aplysia was removed 229 the foot showed more resistance to stretch 
(tonus) and contractions occurred, particularly at the foot margins. When 
the cerebral ganglion was removed there was increased locomotor activity 
and increased excitability of the "wings” (foot). It has been suggested 
therefore, that the cerebral ganglion inhibits locomotor functions of the 
pedal ganglion and that the pedal ganglion inhibits tonic mechanisms in the 
foot. Each nerve from the "wings” contains sensory fibers which reflexly 
through the pedal ganglion elicit contractions in certain areas of the oppo¬ 
site side of the foot, The cerebral ganglion is not necessary for this response. 
If the interpedal commissure is cut, only the homolateral responses persist, 
in Helix, foot potentials indicate that the cerebral ganglion inhibits motor 
cells of the pedal ganglion. 190 

Ganglionic reflexes control the muscles and chromatophores of the mantle 
and fin of cephalopods. The mantle nerve goes from the brain mass to the 
mantle or stellate ganglion and from this the stellar nerves pass to the man¬ 
tle. The mantle ganglia maintain tonus of the muscles and chromatophores 
of the mantle, 102 Stimulation of the mantle nerve at low intensity inhibits 
the stellate ganglion, at higher intensities excites it. Ganglionic delay of 10 
msec, has been reported and summation indicated. Fatigue of a stellar nerve 
did not affect the mantle nerve. When the mantle nerve was cut, a weak 
reflex response could be elicited through the stellate ganglion alone. Reflex 
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contraction can be elicited over either of two pathways from the mantle, 
via the brain mass (traversing the stellate ganglion for both afferent and ef¬ 
ferent fibers), or via the stellate ganglion aione. ir ' 2, ,I(HI 

Molluscs, in general, have well developed local reflex centers which may 
show some interaction but which have relatively restricted control of par¬ 
ticular sensory and motor areas. In this respect molluscs are even more high¬ 
ly specialized than the segmental arthropods. 

CEPHALIC DOMINANCE IN INVERTEBRATES 

A step in complexity of nervous function beyond local or segmental re¬ 
flexes is the increasing importance of centers near the anterior end of the 
animal. This importance depends first on the concentration of sense organs 
at the front end of the animal and second on coordinative functions of tlu: 
"brain” ganglia. 

Flatwonns. In the free-living flatworms the brain is associated with eyes 
and other sense organs. In the polydad Thysanozoon the brain is needed for 
spontaneous locomotion, 2110 and after removal of the brain or head the poly- 
clad Yungk is inactive and less sensitive than it is normally but it can be 
stimulated mechanically or chemically to perform swimming movements.*® 
In Yungk, some hours after the operation, spontaneous and coordinated but 
undirected movement occurs. In some marine polyclads swimming stops but 
ciliary action persists if the brain is removed or split; 310 the rippling move¬ 
ment (ataxic locomotion) continues, but extension, placing, and release (di 
taxic locomotion) and peristalsis stop since these require conduction from 
the brain back over lateral cords. Righting appears to require the brain in 
the polydad Planoccm .but not in the trieiad Planarm. m In Planaria, loco¬ 
motion and reflex extension of the pharynx and swallowing continue after 
removal of the head, but normal behavior to food reappears only after the 
brain regenerates. 80 

In cestodes, a wave of contraction progresses backward across a cut through 
lateral cords, being conducted reflexly by tension applied behind the cut. 8 " 1 
Cutting one lateral cord results in circus movements in those species of ne- 
merteans in which transverse connections between lateral cords are incom¬ 
plete, but not where the cords are connected. 1150 In summary, the flatworm 
.brain relays, sensory, messages and coordinates motor responses, there being 
no other ganglia; its directive function is, therefore, very important. 

Annelids. An earthworm has sensory cells of various types—tactile, chem¬ 
ical, and light receptors, scattered throughout the epidermis, but most con¬ 
centrated in the prostomium and anterior segments. Only the sense cells 
which are sensitive to dryness seem restricted to the prostomium. 320 Nereis 
(Neanthes ), on the other hand, has fewer epidermal receptors; its effective 
chemoreceptors are on palps and tentacles, arid instead of scattered photo¬ 
sensitive cells it has several pairs of eyes on its head. After the brain is re¬ 
moved from an earthworm the anterior segments are lifted upward, it crawls 
normally, appears restless and active, it can right itself, can copulate, eat, 
and burrow? in half an hour as compared with a normal time of one to two 
minutes. 283 ' 828 After the brain is removed from a nereid worm, it no longer 
feeds, does not burrow, is over-active and has lost its light sensitivity and 
most of its chemical sensitivity. 200 ' 28:1 When the subesophageal ganglion is 
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turns toward the light, but when illuminated from the operated side it turns 
away from the light. 837 - 213 Apparently the scattered photoreceptors set up 
a homolateral reflex in the ventral ganglia, a positive response to light; the 
tracts from the prostomium and first two segments, however, cross in the 
brain and cause a negative response. The brain normally dominates, but at 
very low light intensities a positive response may occur. 

The brains of some polychaete worms are complex and have lobes corre¬ 
sponding to the specialized forcbrain centers of arthropods. 1 * 3 These lobes 
(corpora pedunculata) are best developed in free-swimming polyehactes 
which have cuticular eyes (Fig. 306, A); they do not occur among oligo 
chaetes. An investigation of integrative functions of the polychaete brain 
should be very interesting. 

Arthropods. There is much variation in complexity of the brain among 
different groups of arthropods. In general there are three regions; the proto- 
cerebrum, the deutocerebrum, and the tritocercbrum. The bulk of the lateral 
portions of the protocerebrum is devoted to vision centers which are directly 
connected to the eyes; the middle and anterior portions contain the associa¬ 
tion areas, the protocerebral bridge, the central body, and the large cellular 
corpora pedunculata (Fig. 306, B, C). There are no corpora pedunculata 
among some lower Crustacea. The deutocerebrum usually lies ventro-an- 
teriorly and may contain large antennal centers as well as "olfactory" lobes. 
The tritocercbrum lies behind and customarily gives rise to certain nerves 
going to mouthparts as well as to the stomatogastrie nerves; the tritocercbrum 
is continuous with the circumesophageal connectives. 

In view of the complex instinctive behavior and limited but real moclifi 
ability of behavior in arthropods, especially among insects, an understanding 
of the function of different parts of the brain should he useful. Hanstrom™ 
has compared the relative portions of the brain mass occupied hy different 
regions in various groups as in Table 78. 

Since the days of Aristotle, the observation of behavior of arthropods from 
which parts of the body have been removed has been a favorite pastime of 
naturalists, Reviewers 837 -•"» have listed fifteen papers dealing with brain 
operations in crustaceans, sixteen on insects, and five on myriapods. The 
findings are roughly similar in all of these studies. 

Removal of any part of the brain which receives tracts from any sense- 
organ is equivalent to removing that sense organ. Immediately after removal 
of a sense organ or injury to the brain, there may be a shock reaction of gen¬ 
eral incoordination. Thereafter, specific behavioral deficiencies appear. Most 
arthropods can eventually compensate for the removal of one eye or of an 
antenna, whereas injury to the brain leaves a more permanent behavior de¬ 
ficiency. It both circumpharyngeal connectives are transected, reflexes of the 
head, such as antennary movements, remain; otherwise the effect is like total 
brain removal. Spontaneous directed locomotion ceases, although locomotion 
is possible under stimulation. Locomotion is less impaired by brain removal 
m some species (Craws and, Eupagum) than in others (Asiacus). Mouth- 
parts may move, but usually there is no coordinated feeding. Some animals 
can chew but cannot swallow after brain removal. Righting and leg reflexes 
aremnimpaired. Usually there is extensive random activity of legs. 

When one circumesophageal connective is cut, or one'lateral half of the 
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TABLE 78. RELATIVE PORTIONS OF BRAIN MASS OCCUPIED 
BY DIFFERENT REGIONS (FROM HAN STROM" 11 ) 


Region of Brain 

Animal Group 

Type of Eye 

Percent of Brain 
Occupied by Region 

Vision centers 

Arachnoidea and 
Myriapoda 

epithelial photorece; 
tors and ocelli 

> 03-2.8 

Vision centers 

Crustacea and Insecta 

rudimentary com¬ 
pound eyes 

2.9-9.9 

Vision centers 

Crustacea and Insecta 

higher compound 
eyes 

33.0-80.0 

Olfactory centers 

Crustacea 


10.0-30.0 

Olfactory centers 

day-flying insects 


13-4.4 

Olfactory centers 

one night-flying insect 

13.4 

Olfactory centers 

worker ant (Formica) 

18.1 

Central body 

Arachnoidea 


1.6-15 

Central body 

Crustacea 


0.2-0.5 

Central body 

insect 


0.2-0,6 

Corpora pedunculata 

Limulus 


78.7 

Corpora pedunculata 

Arachnoidea 


2.0-49.0 

Corpora pedunculata 

decapod Crustacea 


10.0-30,0 

Corpora pedunculata 

isopod Crustacea 


0.0 

Corpora pedunculata 

Odonata, Lepidoptera, 

Diptera 

2.0-9.6 

Corpora pedunculata 

worker ant (Formica) 

40.4 


brain destroyed, the arthropod circuses toward the intact side, Legs on the 
operated side tend to be flexed and low in tonus, so that the animal leans 
toward that side. 

There are many reports that removal of the subesophageal ganglion or 
cutting behind this ganglion stops spontaneous activity. Local segmental re¬ 
flexes, however, persist. The subesophageal ganglion is apparently the prin¬ 
cipal motor center, but the other thoracic and abdominal ganglia are ca¬ 
pable of carrying out reflexes of locomotion, autotomy, and the like; these 
ganglia are normally regulated by the subesophageal ganglion. 

The increased leg activity after brain removal suggests the release of the 
ventral motor centers from inhibition by the brain. When the brain is re¬ 
moved from dragon-fly larvae there is an increase in breathing frequency, •- 
m whereas when the subesophageal ganglion is removed the breathing 
frequency (determined by posterior ganglia) is decreased. Death-feigning 
is a function of the nervous system as a whole rather than of any particular 
ganglion; in some insects and in spiders it is relatively -unaffected by brain 
removal; in others, as in the spider Celaenia ; 553 there is no death-fe.gmng 
after brain removal. In Ranatra ,-.the death-feigning reaction is shortened 
after brain removal; the posterior half of the body with nerve-cord cut wmes 
out of a feint sooner than the part of the body containing the brain.- I he 
most convincing evidence for inhibitory action of the brain on the ventral 
ganglia comes from electrical stimulation. Jordan* 28 stopped circus movement 
in a crab by a weak electrical stimulation of a transected circumesophageal 
connective. Flexion of the abdomen of PaUnurus and Homarn was elicited 
by tetanic stimulation of the abdominal nerve-cord; if during this stimulation 
the brain or circumesophageal connectives were also stimulated, the a 



820 Comparative Animal Physiology 

The interaction between the brain and subesophageal ganglia is dearly 
shown by the work of Roeder on the praying mantis,'' 155 When one side of 
the protocerebrum is removed the legs lose tone on the opposite side; the 
legs on the operated side are more active, and the leg sequence changes. 
Circusing is to the normal side, When both protocerebral lobes are destroyed, 
leg tonus is lost on both sides, and there is locomotor restlessness. The mantis 
walks straight ahead, fails to avoid objects, and shows no head motility or 
backward walking. When the protocerebrum is split there is decreased leg 
movement, high neck and prothoracic tonus, and active visual responses (fol¬ 
lowing of moving objects). When the subesophageal ganglion is removed 
there is no locomotion except in response to strong stimulation. Boeder con¬ 
cludes that the subesophageal ganglion excites locomotor activity in thoracic 
gangha, that the protocerebral ganglion has inhibitory centers controlling 
the irritability of the subesophageal locomotor center and excitatory centers 
maintaining tonus and activity in neck and prothoracic muscles; these pro¬ 
tocerebral centers are homolateral, are inhibited contralaterallv by each other 
and are strengthened by homolateral sensory impulses. Sometimes in mating! 

ll T 8 ’,'\ fe ? le ^ the male > head «nd copulation contnuSi 
actively, only the brain is removed there is no sexual activity, hut if the 

f ” 8 r n t° iS lem , 0,al the ■* makes «>l>uiatory move- 
mails and the female will receive the male* The copukav tenter is in 

MraandirTl 8 ’' 8 ^" * n<1 d ? i S ” 0rraally inhibited V‘ke sulwoph- 
agea ganglion Bus the eating of the head, including the subes.iphai.nl 

ganghon, by the female actually releases copulatory activity! 8 

qoi “LtreSf f^t Very a? 1 '? behavi,,r ' s,,nle “ f «■**> ™»* * 
Site i lkebr f'A brainless hermit erah will not reenter its 

f if • i ped by kvin 8 the ^lson pushed in; 40 * the hermit crab 

does not. ^ 3 S ’ Wieieas ln odiers (various butterflies) it 

There is ample evidence that some insects have capacity for Urninu F* 

st c “ er ;iS: i r ° f s 

can be L M the sp f ife l0tes uf * '»■ 

moval of thetfeU r ^1* 7S ' fc 

Cwcinus causes the loss of certain rf i^l eor f wr ‘ 1 F'dunculataJ in 
don; the globu i am tohifeZt fT l and o{ sid «** >'»• 
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■he saase of ™ ,ral U controls 

protocerebrum is an inhibitory cents in the man- 

™ « with 

integrative, particularly inhibitory control 5 ^ they also exe « important 
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arthropods represent fusion of several ganglia. The cephalopod brain-mass 
represents fusion of paired cerebral, pedal, and visceral ganglia, and completely 
surrounds the esophagus. 372 - 415 Paul Bert in 1867 was the first to show that 
much of the supraesophageal portion of the brain-mass was, like the associa¬ 
tion areas in the mammalian cerebral cortex, electrically inexcitable with re¬ 
spect to behavior. He also showed that a respiratory center exists in the 
subesophageal portion of the brain-mass. This respiratory center has regions 
for inspiration and expiration. 415 A center in the subesophageal portion regu¬ 
lates chromatophores. The subesophageal portion of the brain-mass 872 con¬ 
tains other local centers; the brachial and pedal ganglia controlling arms and 
tentacles, the pedal ganglion controlling funnel and eye-muscles, and the pal- 
liovisceral ganglion controlling mantle, fins, and viscera. In Octopus a cen¬ 
ter for pupillary closure is found in the subesophageal portion. 432 

The supraesophageal portion 872 contains: (1) Higher motor centers in the 
circumesophageal region-lobus basalis anterior, posterior, and laftralis, lobus 
pedunculi; stimulation of these lobes elicits movements of large groups of : 
muscles, and unilateral extirpation results in circus movements which may 
be almost continuous. (2) Primary sensory centers such as the olfactory 
lobes and the optic lobes in the optic stalk; stimulation of the latter may 
result in chromatophore expansion and some mantle and fin movement. (3) 
The dorsally located verticalis complex of three lobes; electrical stimulation 
of this results in no motor responses. After removal of the entire verticalis 
complex Sepia can see, swim, steer properly, capture and eat prawns, etc., 
but fails to follow prawns as they disappear out of sight, Removal of part of 
the verticalis complex from Octopus hampered its ability to escape from a 
cage and from a pan of shallow water. 87 The verticalis complex, then, is an 
integrative portion of the cephalopod brain-mass. 

SPINAL REFLEX CONTROL OF VERTEBRATE LOCOMOTION 

In the more efficient, better coordinated invertebrates the peripheral por¬ 
tions of the nervous system have lost autonomy, and behavior depends on 
central nervous reflexes, In all classes of vertebrates locomotion is mediated 
by spinal reflexes. In embryonic development, mass responses of large muscle 
groups become differentiated into more precisely localized responses. In phy¬ 
logenetic development the spinal cord is less autonomous as the control of 
locomotion is pushed cephalad. Concurrent with cephalad development of 
reflex centers there appears more antagonism between regions of the central 
nervous system, one region inhibiting another, usually cephalad regions 
inhibiting "lower" or caudal centers. 

The basic organization of the spinal cord changes with the functions it 
must perform, 15 In general, each segment of the cord receives two pairs of 
roots; the dorsal roots contain afferent (sensory) fibers, and a few efferent 
(motor) fibers, while the ventral roots contain efferent (motor) fibers, both 
somatic and visceral (autonomic), whose cell bodies are in the ventral horn 
of the cord. In Amphioxus there are very many uniform segments/dorsal and 
ventral roots emerging alternately. In cyclostomes also the dorsal and ventral 
roots alternate; they unite, forming mixed nerves in myxinoids but not in 
petromyzonts. From lower to higher classes of vertebrates there is a reduc¬ 
tion in number of spinal segments and in the size of the caudal portion of 
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the cord, and an increase in the number of spinal tracts to and from the 
brain. 

Many afferent fibers cross or connect with arcuate interneurones. In cy- 
clostomes there are ascending bundles of short fibers, and most spinal cor¬ 
relation can be carried out in a few segments; the principal descending fibers 
are of the reticular system. In elasmobranchs and teleosts ascending spino- 
bulbar (medullary) and spino-mesencephalic tracts are present; in teleosts 
spino-cerebellar tracts and the sympathetic ganglion chains appear, and the 
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descending vestibulo-spinal tract is added. As limbs appear, the cord enlargi 
m cervical and lumbar regions. Amphibans show a well defined central gre 
H and great reduction in the number of spinal segments. In birds a sp 
cific tecto-spinal tract appears, whereas in lower vertebrates the tectum (pa: 
of midbram) connects with the cord via the reticulospinal system. In man 
raals the corticospmals, particularly the pyramids, appear as dominar 
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. descending tracts; also the spinothalamic tracts are differentiated and the long 
ascending tracts of the posterior columns appear. Associated with these mor¬ 
phological changes there is a striking change of function of the spinal cord. 
In the transition from water to land, locomotion changed from swimming, a 
mass movement, to the much more complicated quadripedal locomotion. 
Lower vertebrates are characterized by behavior involving mass movements 
of a total-pattern type as distinguished from localized reflexes of higher ver¬ 
tebrates. 188 

There has been much disagreement over the autonomy of the spinal cord 
| and the extent to which locomotor behavior is fixed by sensory stimulation 
rather than following a set pattern of neurones in the cord. What the cord 
can do seems to vary from animal class to class and from one related genus 
to another. In a general way the cord carries out more independent action 
in the lower vertebrates than in higher forms. Also the shock resulting from 
spinal transection is less in lower vertebrates. In higher groups (mammals 
| particularly), the more primitive part of the central nervous system, the 
spinal cord, is less sensitive to asphyxiation but more sensitive to strychnine 
than is the cerebrum. 87 Evidence regarding the potentialities of the cord is 
obtained by isolating all or part of the spinal cord from the rest of the cen¬ 
tral nervous system and removing sensory influence by cutting dorsal roots. 

A swimming or crawling animal with many segments often locomotes by 
undulatory waves which show remarkably precise timing. In an eel, for ex¬ 
ample, the phase of movement of each segment is just behind the phase of 
the segment ahead, and the muscles on the two sides differ in phase by one- 
half cycle. 178 Is the nervous basis for such a coordinated locomotor wave in¬ 
herent in the spinal cord or is it dependent on chain reflexes? It has been 
suggested that the central pattern for walking evolved from this basic loCo- 
j motor plan. 

In Amphioxus any local stimulus elicits a general avoiding response. Le¬ 
sions to the cord show that propagation of strong undulations over the whole 
body and end-to-end startle responses require the median giant neurones but 
that the rest of the isolated cord can reflexly evoke secondary superficial 
j waves. 406 

Spinal hagfish ( Polystotrema ) are inactive for long periods but when 
stimulated they swim normally. Normal undulating waves start at the an¬ 
terior end and the point of transection of the cord becomes a pacemaker for 
initiating swimming waves. When the stimulation is vigorous, a wave may 
pass a cut by reflexly exciting the region beyond. 88 Similarly an elasmo- 
branch made spinal by transection behind the head swims much like a nor¬ 
mal fish. Ten Cate 408 maintained that a wave of contraction could pass a 
I cut in the cord by virtue of overlap of proprioceptive fields in several seg¬ 
ments and stretch of one segment by the preceding one. Thus the propa¬ 
gation would be a chain reflex. Gray and his associates, 179 - 288 on the other 
hand, found that transmission could proceed in an intact cord even through 
12 denervated segments, and that transmission failed when the cord was cut. 
So long as the spinal dogfish is free from contact, a locomotor rhythm at 
about 40 waves per minute occurs, but a gentle tactile stimulation, particu¬ 
larly of the ventral surface, increases or inhibits this rhythm (Fig. 307). 

The rhythmic movement of body and fins of a dogfish is abolished by 
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complete deafferentation but the rhythm can be transmitted across a deaf- 
ferented region of the cord. About 25 continuous intact segments* in any 
part of the cord are needed to maintain the rhythm. Swimming in elasmo*. 
branchs apparently depends on reflex excitation, and peripheral connections 
are essential, but the cord is capable of transmitting the rhythm through a 
region where the nerve roots have been cut. Stimuli which accelerate the 
swimming rhythm in normal fish inhibit it in spinal or fatigued fish. Spinal 
dogfish show a variety of reflexes, particularly of lins; a single segment iso¬ 
lated from the rest of the cord can mediate homolateral and crossed re¬ 
sponses, 250, 408 

Spinal teleosts also show fin reflexes elicited from localized sensory areas, 451 
some of them enhanced, that is, released from cephalic inhibition by the 
spinal section. 210 There appears to he much difference in autonomy of the 
cord from genus to genus. In fish which swim by undulatory waves, as the 



'Fig. 308. Rhythmic responses of posterior abdomen of goldfish (Cmssius) to stream 
or water applied at side of body, after transection of cord, a, at about vertebra 16; b, at 
vertebra 7; c, between vertebra 7 and medulla; d and e, at anterior medulla, ahead of 
vagus root. From Holst.** 


eel, section of the cord interferes yery little with swimming. An eel still 
swims when the skin is removed and when the muscles of a quarter of the 
body are removed. It is as if the undulatory rhythm were inherent in the cord 
and normally released by the medulla or by peripheral stimulation, 1751 Fish 
which swim with fins show little or no swimming when the cord is tran¬ 
sected anteriorly. 200 - 210 Simple reflex responses of the fins and tail region 
are easily elicited and the sensitivity of the skin to a stream of water may 
actuaHy be enhanced after spinal section, as demonstrated in studies on 
Camsms. - When spinal section is made close to the medulla the reflex 
response becomes prolonged, and when the cut is at the level of the vagal 
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roots in the anterior medulla fish often show a continuous rapid rhythmic 
movement of fins (big. 3()8). 1!0ii The pectoral fin rhythm is normally slower 
than the dorsal; there is interaction between the two rhythms, but the 
rhythm of one fin can be altered rellexly without affecting the other. A se¬ 
ries of rhythmic centers in the medulla is postulated hut the part played by 
reflex re-excitation is not well known. 

In amphibians the spinal cord alone permits considerable locomotion, A 
spinal frog jumps in coordinated fashion when stimulated but not spontane¬ 
ously; reflex responses, particularly of protractor muscles, remain coordin¬ 
ated. 51,1 If one or two legs are deallerented (B ufo) there is little interference 
with coordinated ambulation; when three are deafferented coordination is 
strikingly reduced. After deafferentation of all four limbs no locomotor move¬ 
ments occur, although the load can swim, provided the labyrinths tire intact, 
II only one leg retains its sensory and motor nerve supply and all other 
sensory nerves are cut, there are normal diagonal limb movements; if the 
motor root of the fourth leg is then cut, till ambulatory movements cease, 
and stimulation of this fourth leg elicits only simple monophasic responses 
in tiie other three limbs, In the toad, therefore, sensory and motor supply of 
one segment is necessary lor the diagonal pattern of ambulation. 1711,577 

In contrast to this strictly reflex picture of ambulation in Amphibia is the 
concept of a fixed pattern in the central nervous system, The basic patterns 
°f coordination arise by self differentiation within nerve centers prior to ex¬ 
perience.' 52 1 Embryos kept narcotized for several days emerge from their 
narcosis at: the behavior stage for their age without ever having experienced 
the motions ol the developmental stages corresponding to the period of nar¬ 
cosis. In an extended research on salamanders Weiss 5211,424 has examined 
the movement of limbs transplanted to abnormal body regions. When a su¬ 
pernumerary fore-leg is transplanted to a position near a normal one and in¬ 
nervated lay one or a few nerves of the brachial plexus, the corresponding 
muscles of the two legs always contract simultaneously. If a limb is rotated 
by 180" when transplanted to replace a normal limb, the grafted limb moves 
in perfect temporal coordination but in reverse direction to normal, with the 
result that the transplanted forelimbs move the salamander backward, The 
effects are similar when the limbs are deafferented. Each re-innervated mus¬ 
cle of the extra 'limb contracts synchronously with the corresponding muscle 
of the normal limb, The spinal cord signals a particular muscle irrespective of 
its innervation, as if there were for a particular muscle a sort of “resonance' 1 
pattern in the cord as a whole, Basic motor patterns owe their organization 
to the intrinsic projierties of the central nervous system rather than to. peri¬ 
pheral influences; furthermore, the patterns are permanent, stable, and non- 
modifiable in their essential feaurcs. This contrasts with the mammals, in 
which corrective influences (probably of cortical origin) can supersede the 
original patterns of coordination if the latter have become inadequate, 

The two viewpoints, reflex control and intrinsic patterns, are not mutually 
exclusive. The intrinsic pattern limits the range within which reflex control 
can operate. The physiological basis for such limitation is unknown, and 
there is a wide gap betweenOur knowledge of simple spinal reflexes and 
integrated locomotion. It is certain, however, that the spinal cord is much 
more than a complicated switchboard and terms such as homologous func- 
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tion, resonance, and plasticity merely cover our ignorance of the nature of 
nervous integration. 

In mammals the spinal cord shows less autonomy, and shock following 
cord section lasts much longer in higher than in lower orders. 1 * 8 When the 
cord of a cat or dog is transected in the upper thoracic region so that respira¬ 
tion continues, all motor reflexes are at first depressed, flexor reflexes return 
in a cat in a few hours, extensor reflexes after several days. In man spinal 
shock, when even flexor responses are unobtainable, lasts 1 to 6 weeks after 
spinal transection. It was formerly noted that good stretch reflexes did not 
return, and that for many weeks a light tactile stimulus might elicit flexor 
spasms of the legs along with defecation, urination, and sweating, the so- 
called "mass reflex." Observations on a large number of war casualties who 
received superior care showed that flexor spasms predominate from six weeks 
to one year, and tljat extensor spasms predominate thereafter, with much 
individual variability, Many reflexes reappear, and the spasms can he stop¬ 
ped by cutting dorsal roots. 841 Spinal shock results from interruption of the 
corticospinal system, specifically the pyramid tract, and is greater in chim¬ 
panzees than in baboons and macaques, and less in monkeys. 188 

Reflex potentialities of the cord are well seen in anim'als such as cats and 
dogs, in which recovery from shock occurs after a few days or weeks. A 
spinal cat or dog cannot stand, yet when suspended it may make rhythmic 
treading motions. A variety of intersegmental movements, both contralateral 
and ipsilatera), can be elicited, many of obviously primitive protective value 
to the organism. Single limb reflexes involving many muscles, such as the 
rhythmic scratch response to a stimulus to the skin of the back, show much 
central coordination, Visceral functions such as urination and defecation are 
elicited reflexly; when one leg is warmed vasodilatation may occur in the op¬ 
posite one. Sexual functions such as erection of the penis and ejaculation, 
and assumption of copulatory posture occur, and spinal bitches have been 
impregnated and delivered of puppies after a normal gestation period. 183 
_ ^ 10rt P ieces die cord, 41 *' isolated by two cuts and appropriate root sec¬ 
tion, are capable of some reflexes, The sensory areas of single dorsal roots 
have been mapped 362 .in dogs. An isolated lumbo-sacral region of a puppy 
showed no autonomous movements, although rhythmic flexions might be 
elicited by pressure stimulation of the cord. 412 However, deafferented sec¬ 
tions of the cord and sections in curarized and narcotized cats showed much 
spontaneous discharge, particularly in the ventral columns. 67 Some stim¬ 
ulus seems to be necessary to integrate this "spontaneous” activity into co¬ 
ordinate movements. A single sensory volley may elicit rhythmic responses 
m the legs, even in completely deafferented hind limbs. Isolated segments 
ot the! frog spinal cord show less electrical activity than when they are con¬ 
nected to the brain, but show much more activity than when the spinal 
nerves of the isolated segments are cut. 108 

The literature dealing with interaction between regions of the cord 
and between cord and brain is very extensive. In general, this interaction in¬ 
creases with increase of ascending and descending columns in higher verte- 
ta e, Lower cord centos my even inhibit higher one., as in hymreflem 
oi forelrmbs after lumbar spinal section, the Schiff-Sherrington phenome- 


Nervous Systems 


827 


non. 369 As the brain gains importance the spinal cord is less 
pendent control of locomotion. 


capable of incle 


BEHAVIOR OF EMBRYOS 

The sequence of development of behavior, both "spontaneous” move¬ 
ments and responses to stimuli, can be correlated with the development of 
sensory, central nervous, and effector structures. Usually the necessary struc¬ 
tures are present well before a given behavior pattern is manifest. In those 
animals m which behavior development has been studied, several gradients 
exist, the primary gradient being backward from the cephalad end, and a 
secondary gradient being laterally from proximal to distal effectors. 

The extensive literature on embryonic behavior emphasizes -a contro¬ 
versy whether specific reflexes appear first and are later integrated, or 
whether an integrated pattern precedes the reflexes which individuate'out 
from it. Diverging opinions result from striking differences in the speed of 
emergence of adult behavior patterns in different species and in the rather 
futile attempt to compare those embryos which move first without appen¬ 
dages with those whose first movement is of appendages. The important 
generalization emerges, however, that reflex behavior is integrated from the 
beginning. 

The only invertebrate in which the pattern of behavior has been correlated 
with histological development is the earthworm, Eisenia foetida. m The first 
motile stage is a ciliated gastrula, the second is a stage of contractions local¬ 
ized around the stomodaeum while the embryo is swallowing quantities of 
albumin. Next the local contractions lead to peristaltic waves which, when 
unequal, result in rolling of the body; at this time mechanical stimuli elicit 
localized contractions, at first antero-ventrally,,later laterally and posteriorly; 
all of these are myogenic responses, Then, when nervous mechanisms are 
developed, regular flexion of the head begins and the anterior end turns 
away from a point of stimulation. Head extension and flexion initiate the 
peristalsis of crawling, and withdrawal from stimuli develops backward un¬ 
til the whole animal is sensitive. The worm is capable of burrowing before it 
hatches. In Limulus embryos 322 kicking of the legs begins soon after the ap¬ 
pearance of abdominal respiratory movements, and the trilobite larvae are 
able to swim well before they hatch. 

In extensive studies on behavior in embryos of Amhlystoma , Coghill 9 * 
identified the following stages: a non-motile stage when the muscles of the 
somites contract in response to direct stimulation, a stage of simple flexure of 
the body in response to tactile stimulation, spontaneous bending into a coil 
and uncoiling, an S-stage, and finally a stage when the S-contractions are 
executed to effect locomotion. Motor and sensory neurones‘are present in 
the non-motile stage, but no bipolar commissural neurones are present until 
the coil stage, All limb and gill movements appear first in conjunction with 
trunk movements. Parts of limbs move first with the entire limb and later 
independently. In general, the first movements are of gross regions, the total 
behavior complex appears early, and simple reflexes are individuated from 
it. The general pattern in anuran embryos is similar to that in Amolysto- 
tm, ui but there are species differences in rate of development. Bufo is pre- 
motile at hatching; Acris and Pseudacris, like Amhlystoma, are free-swim- 
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ming and sensitive over the whole body. Young (2mm.) tadpoles of Ram 
show longer lasting responses to tactile stimulation than do 4 mm. tadpoles; 
lesion to the midbrain, however, removes an inhibiting influence in the older 
tadpoles and leads to more persistent responses.' 1 ' 0 

The development of behavior in birds and mammals shows great species 
variability and differs from behavior in Amhlystoma in that there is no move¬ 
ments of the trunk before limbs appear. The literature on various animals 
has been summarized: rats, 1,1 sheep,’* 1 - 82 guinea pigs and rats," 2 cats, 484 and 
general summary. 011 

In general, the latent period and contraction time of embryonic muscle 
are long. There is an initial pre-motile stage when local contractions are elic¬ 
ited by direct stimulation of some muscles. The first spontaneous movements, 
usually in the neck, are of uncertain origin but appear to he reflexes. 311 The 
earliest definite responses to mechanical stimulation are gross reflexes of the 
neck (head movement), and then of the forelimbs. In the rat, limb move¬ 
ments occur first in conjunction with movements of the trunk; in the cat, 
sheep, and guinea pig they appear to be independent. However, these limb 
movements are gross but integrated, and separate segmental movements de¬ 
velop later. Movement appears relatively earlier in the (at, while the sheep 
starts movement at a later stage. 481 The segregation of reflexes depends on 
interneurone development and the appearance of inhibitory mechanisms. 

Development of cephalad inhibition of lower motor centers is well shown 
in the sheep fetus, 81 ■ 82 Movements are at first (at 40 days gestation) jerky, 
later smooth and sustained, indicating repetitive nerve cell discharge; still 
later (at 60 days gestation), the fetus is inert to stimulation on the snout. 
Anoxia inhibits the movements acquired last; for example, it reverses the 
response when an animal is in the inert stage, resulting first in sustained and 
then in jerky movements. Also brain transections show that the jerkv move¬ 
ments are mediated by bulbospinal systems; these are converted to sustained 
movement by the midbrain, and inhibited by cephalad portions of the brain. 
In newborn monkeys tonic innervation of muscles and grasp reflexes are 
dominant, then in a spastic stage limbs resist passive movement; finally dis¬ 
crete use of muscles appears. If in the adult a premotor area of the cerebral 
cortex (area 6) is removed the grasp reflexes seen in the newborn return. 11 ® 0 

In some species of animals, then, the first reflex responses are generalized, 
in others they are somewhat localized, but in both types the movements are 
integrated from the start, and'restricted movements become individuated later. 
Behavior development follows morphological gradients and cephalic domin¬ 
ance is important in the sequence of responses. 

GROSS FUNCTIONAL EVOLUTION OF THE BRAIN 

Neuroanatomists, particularly under the influence of Ariens-Kappers, 1 " 
picture the anterior enlargement of the neural tube phyiogenetically and 
the expansion of the medulla as a response to the increase in sense organs 
in the head. The medulla shows greater development of sensory roots than 
tnc spins]' cord. There is a progressive phylogenetic reduction in the number 
of branchial arches; there are 36 in Amphioxm, 8 in Petromyzon, and 5 in 
the sharks. Many changes in the sensory components occur., from group to 
group. For example, in fish the numbers of visceral sensory and gustatory 


libers in the facial nerve are large; in higher vertebrates the visceral sensory 
centers are reduced, and in birds taste sense is atrophied. The lateral line 
is an important component of the tenth nerve from cyclostomes through 
aquatic amphibia, the cochlea from land amphibians through mammals, 


Olfactory lobe 



D, Gymnura E, Equus 

Fig. 309. Dorsal views of brains of a number of vertebrates: A, 
frog (Ram); C, alligator; D, tree shrew (Gymnura); E, horse (Equus). From Rom , 
Vertebrate Body (1949). Philadelphia, W. B. Saunders. 

whereas the vestibular nerve is present in all classes. Each of these sensory 
differences is reflected in medullary and midbram centers. . 

Figure 309 shows dramatically the brains of representatives of van 
classes of vertebrates. The cephalad shift in dominance parallels the anat 
omical development, and as the cerebellum and cerebrum become mor 
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portant the opportunity for lateral connections is increased by surface folding. 

Medulla Oblongata. In addition to serving as the point of entrance and 
exit for most of the cranial nerves, and providing way-stations for their fib¬ 
ers in numerous sensory nuclei, the medulla has some integrative functions. 
It contains the respiratory center in all vertebrates, the motor outflow differ¬ 
ing from group to group. Respiratory outflow in elasmobranchs is largely in 
the tenth cranial nerve, partly in the seventh; 390 in mammals it is in the 
phrenic arising from the third to fifth cervical roots and in nerves to the 
intercostal muscles (thoracic roots). In the skate the right and left halves 
control respiration homolaterally. 218 That the respiratory center is spontane¬ 
ously rhythmic was shown by Adrian and Ruytendijk, who recorded rhyth¬ 
mic electrical waves corresponding to breathing frequency from the medulla 
of an isolated goldfish brain; this observation has not been confirmed. 

The respiratory center in mammals lies in the mid-dorsal part of the me¬ 
dulla at about the level of entrance of the eighth cranial nerve, and con¬ 
sists (in the cat, monkey, and dog) of a lower inspiratory portion and an up¬ 
per expiratory center, 185 , 323 Anterior to the respiratory center, at the level 
of the pons, is a pneumotaxic or tonic center. The respiratory center re¬ 
ceives sensory impulses over several routes, primarily via-the vagus from the 
lung. The breathing cycle 324 is as follows; The inspiratory center is spon¬ 
taneously active continuously, it discharges impulses to the spinal motor cen¬ 
ters, which cause the inspiratory movements of diaphragm, and of intercostal 
and abdominal muscles; it also sends impulses to the pneumotaxic center. 
As the lungs are distended afferent impulses via the vagus, together with 
impulses from the now excited pneumotaxic center, inhibit the inspiratory 
center, stopping its discharge. The expiratory center acts principally by in¬ 
hibiting the inspiratory center but partly by inducing active exhalation. 

The organization of the respiratory centers in non-mammalian groups is 
not so well known. In turtles, breathing is apneustic (prolonged inspiration); 
there is evidence for centers of inspiration and expiration but not for a pneu¬ 
motaxic center, 270 In amphibians and reptiles, lungs have an outer layer of 
smooth muscle, and this shows spontaneous tonic activity. In frogs and sala¬ 
manders efferent impulses of the vagi inhibit the spontaneous lung contrac¬ 
tion during breathing, 01 and breathing is a swallowing act. In the reptiles 
(turtle and snake), on the other hand, the vagi are excitatory to the lung 
musculature, causing lung contraction between respirations, and the center 
for this contraction is inhibited during the respiratory act. 91 The respiratory 
center is a swallowing center in adiaphragmatic animals, and in its evolu¬ 
tion it is associated with movements of esophagus and glottis. The chemical 
and reflex control of the respiratory center is considered in Chapter 8. 

The medulla also contains other regions which regulate autonomic func¬ 
tions. A vasomotor center is found in mammals in the anterior mid-medulla, 
just caudal to the pons; this center contains neurones which have a vaso¬ 
constrictor action, also probably some vasodilator cells. Stimulation of the 
vasomotor center is by specific sensory paths, descending tracts, and by di¬ 
rect chemical excitation, there being also some interaction with the respira¬ 
tory center. The comparative physiology of vasomotor reflexes has been dis¬ 
cussed previously (Ch, 15), also the temperature sensitivity of the vasomotor 
center in the turtle (Ch. 10). 


831 


Nervous Systems 

reticular formation also contains centers for salivation and vomiting. 52 
r the various intermediary- nuclei associated with postural control we 
aye previously noted the center for rhythmic fin movements in teleosts, 209 
w nich i S released from inhibition by transection in the anterior part of the 
medulla. The most important integrative function of the medulla through 
all classes of vertebrates is associated with the control of equilibrium and the 
function of vestibular centers. A comparative study of the functioning of 
vestibular centers would be useful. Vestibular nuclei are extensive and are 
often associated with proprioceptors and with midbrain centers. If the eighth 
nerve of a dogfish is cut or the medulla injured on one side the fish swims 
m a spiral, rolling toward the operated side; the eyes deviate toward the op¬ 
erated side, the pectoral and pelvic fins are elevated on the operated and low¬ 
ered on the normal side, and the dorsal fin is bent toward the intact side. 284 
Electrical stimulation of the medulla dorsally behind the vagal lobes elicits 
downward movement of homolateral pectoral fins and movement of dorsal 
fins towaxd the side stimulated. Similar movements are obtained with toad- 
fish. Associated with vestibular, lateral line, and other afferent pathways in 
teleosts and urodeles are two large Mauthner cells. When these cells are 
destroyed in larval salamanders, equilibrium and swimming are normal but 
there is a tendency' for early exhaustion during maintained activity. 112 

Vestibular nuclei take on a special function with respect to posture control 
in birds and mammals. Varying degrees of extensor rigidity appear when the 
brainstem is sectioned anterior to the vestibular nuclei but posterior to the 
upper midbrain (superior colliculus). A dog or cat made decerebrate by 
transection in the lower mesencephalon shows enhancement of all extensor 
reflexes, diminution of flexor responses, and increased tone in all the anti¬ 
gravity systems of musculature. The decerebrate animal may stand but falls 
over if it is pushed slightly off balance. The animal carries out many sym¬ 
pathetic reflexes, breathes, and shows reflexes of neck, trunk, and limbs. The 
extensor rigidity results from interruption of extrapyramidal tracts from high¬ 
er centers which normally inhibit the vestibular nuclei. The red nucleus, in 
the floor of the midbrain, is the source of one important inhibitory tract. The 
exaggerated extension is reflex in nature, mostly from stretch receptors, and 
is diminished by cutting of dorsal roots, 'particularly of the neck. Decere¬ 
brate mammals have been particularly useful for the study of postural re¬ 
flexes. 154 Animals like the three-toed sloth and bats, which normally have a 
flexor rather than extensor anti-gravity response, often show flexor rigidity 
when decerebrated; 60,277, 350 decerebrated humans show extensor rigidity of 
the legs and.flexor rigidity of arms. 153 

In general, fish and amphibians transected just ahead of the medulla show 
nearly normal locomotion, whereas for birds and mammals no locomotion is 
possible with the medulla only. In all of these animals the basic respiratory 
and cardiovascular reflexes remain. 

Cerebellum. The cerebellum is an outgrowth of the dorsal lip of the fourth 
ventricle. Phylogenetically, it is a derivative of the vestibular system and.is 
a region of interaction among afferents from vestibular and lateral line or¬ 
gans, descending fibers from the midbrain and ascending fibers from the 
spinal cord. The two lateral lobes receive fibers mainly from vestibule and 
lateral line, whereas the central part (corpus) receives spino- and olivo- 








832 


Comparative Animal Physiology 



tract connections from the medulla. The cerebellum is lacking in myxinoids; 
it shows much variation among both fishes and reptiles, and has a very ex¬ 
tensive surface in birds and mammals. The functions of the various nuclei 
in the mammalian cerebellum have been extensively discussed 121 but are yet 
poorly known, in that the cerebellum is a true integrating organ and is not a 
distributing or reflex structure. Since it has evolved in close association with 
the vestibular system it is not surprising that the cerebellum has to do with 
the finer shades of posture regulation. 

Removal of the cerebellum from dogfish fails to interfere with swimming, 
although when one half is removed the dogfish tend to circus because of 
less movement of the fins on the operated side. In certain teleosts (Lapkins, 
flounder), there is a very poorly developed cerebellum, but in others (gold¬ 
fish) removal of the cerebellum leads to disordered movements, rolling from 
side to side, and low tonus, whereas after unilateral decerebellation the gold¬ 
fish rolls toward the operated side and may lie with the operated side down. 413 
In the frog, also, the cerebellum aids in tonus regulation and seems 
necessary for normal spontaneous jumping. Removal of one lateral half of 
the cerebellum from a frog results in tilting of the head and flexion of the 
limbs on one side of the lesion, with recovery in a few weeks. Similar pos¬ 
tural deficiency results in the frog when one side of the inedulla or one ves¬ 
tibular nerve is injured, and no recovery occurs. 280 Removal of the entire 
cerebellum causes no such deficiency. One side of the cerebellum can com¬ 
pensate, then, for a defect in the other so long as the vestibular (and to less 
extent the visual) sense is unimpaired. When the entire cerebellum is re¬ 
moved from frogs there is some muscular weakness and the frogs are no 
longer able to catch flies. 201 Stimulation of the frog cerebellum is excitatory 
to muscles contralaterally and may be inhibitory homolaterally. 104 In reptiles 
the cerebellum is important not only in equilibrium, but in giving smooth¬ 
ness to movements. A decerebellate lizard shows less spontaneity than nor¬ 
mal, and walks "like a drunken man.” 70 

The cerebellum is highly developed in birds and is important in their 
sense of balance, For some days after removal of the cerebellum a bird can 
hardly fly, walk, or stand; it falls readily to one side, but can eat and drink. 70 
Ihe vestibular center in the medulla is normally inhibited by the cerebellum, 
removal of which gives effects similar to stimulation of the vestibular nu¬ 
cleus, Stimulation of the cerebellum in birds inhibits postural tonus homo¬ 
laterally, and destruction of the anterior lobe produces extensor spasticity. 00 

When the cerebellum is removed from a mammal, no single reaction is 
lost, but ability to balance precisely is impaired. Freshly-operated cats and 
dogs may show some opisthotonus (strong extension of neck and head). 103 
Bats are said to lose their ability to fly after losing the cerebellum, and the 
effect of removal is greater in cats and dogs than in apes. One of the most 
conspicuous deficiencies in monkeys after ablation of the posterior (flocculo- 
nodular) lobes is a disturbance of equilibrium, accompanied by tremor in 
volitional movement. 103 

, Stimulation of the anterior lobe of the cerebellum diminishes decerebrate 
rigidity (birds and mammals); removal augments stretch reflexes. The cere¬ 
bellum shows an electrical rhythm of higher frequency than that of the 
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cerebrum. 1 - 1 Some localization of electrical responses to sensory stimulation 
of the feet and vibrissae has been described in the cat. 388 

In general, the cerebellum in all classes is intimately concerned with ves¬ 
tibular and other postural reflexes. Through the vertebrate series the cere¬ 
bellum increases in inhibitory control. Localization of function is of a grosser 
sort in the cerebellum than in the cerebrum. 

Midbrain. The midbrain is an important integrating center in lower verte¬ 
brates; it retains nuclei of the optic system and adds auditory centers in high¬ 
er animals (Fig. 309). In cyclostomes, elasmobranchs, bony fishes, and am¬ 
phibians the dorsal portion of the midbrain is known as the tectum and re¬ 
ceives terminal fibers from the optic tracts. There is sensory localization on 
the surface of the tectum, also a pattern of lamination, at least in the sala¬ 
mander. 180 The tectum also integrates other vital systems, as in the proprio¬ 
ceptive and exteroceptive systems of urodeles. Efferent tracts go from tectum 
to cerebellum and to motor nuclei in the brainstem, The ventral portion of 
the midbrain is the tegmentum, and in addition to ascending and descending 
tracts this region contains the nuclei of the nerves to the eye muscles, The 
nucleus of the trochlear nerve, for example, receives afferent impulses from 
optic, vestibular, lateral line, and various trigeminal tracts. In reptiles, birds, 
and mammals the optic tecta become the superior colliculi and behind these 
lobes appear cochlear centers, the inferior colliculi. The tectum has many 
cell layers and is important for correlating several sensory modalities. The 
tegmentum receives fibers from thalamus and forebrain, and beginning with 
reptiles the reticular portion of it becomes differentiated as the reef nucleus. 

When the midbrain is removed from a dogfish, swimming is good except 
for poor sensory coordination, particularly with respect to equilibrium and 
vision. Removal of both tecta hampers righting and vision. If one tectum, 
e.g., the left, is removed, there is increased extensor tonus on the intact side, 
with flexion on the operated side so that the fish is curved to the left (oper¬ 
ated side). The fish circuses toward the operated side. Stimulation of the 
lateral midbrain results in homolateral eye movements. Electrical stimula¬ 
tion of the midbrain of fish and amphibians elicits good responses of fins, 
opercula, and legs, much as does stimulation of the motor cortex of mam¬ 
mals. 00,1,02 There is evidence that the tectum can function in learning in 
goldfish. Removal of optic lobes, leaving the floor of the midbrain intact, 
leaves normal vision. 201 The midbrain originates impulses which inhibit the 
lower motor centers, as shown by the increased activity, such as rhythmic fin 
movements in fish and decerebrate rigidity in mammals, after transection 
behind the midbrain, but not after transection ahead of it. An AmUystoma 
larva reaches a stage (Harrison’s stage 40) when the bulbospinal apparatus 
loses its autonomy in controlling locomotion and the midbrain is essential; 
then teeto-bulbar and tecto-spinal connections are present. 114,180 A center 
for the warning croak of a mating male frog is located in the base of the 
tectum; 10 also, a portion of the tegmentum is needed for normal spawning 
movements of male frogs. 

In mammals one can destroy the superior colliculus and still get pupillary 
light reactions. When the brain is transected anterior to the midbrain, dogs 
and cats do not show decerebrate rigidity, and by a series of maneuvers the 
animals may be able to right and to stand. A midbrain primate, however, 
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is unable to stand. Preparations of this kind have been used extensively in 
the study of righting reflexes. 

The inferior colliculus can mediate some reflex shocklike responses to 
sound, and action potentials from the midbrain of the cat in response to 
sound show that the inferior colliculus is an important auditory reflex cen¬ 
ter; 1 Similar electrical recording shows that the superior colliculus is a cen¬ 
ter for mediating responses to light, 1 * with a considerable degree of point-to- 
point representation for the retina. Local stimulation of the superior collicu¬ 
lus by strychnine elicits discrete eye movements. Mammals lacking the vis¬ 
ual (striate) cortex show limited visual responses mediated by the mid¬ 
brain; cats and dogs still show some intensity discrimination, monkeys show 
less discrimination, and in man vision for light and dark seems to be lost. 
A variety of evidence indicates that in most mammals rod vision depends 
less than cone vision on the cortex, but that in man neither can be subserved 
by subcortical levels, 

The midbrain of fishes and amphibians is the region of highest integra¬ 
tion and controls the most complex behavior which these animals show. In 
higher animals, particularly mammals, the midbrain retains the regulation 
of restricted visual and auditory reflexes, and complex integration has moved 
forward to areas of greater surface, 

The Forebrain. Diencephalon. The various portions of the thalamus and 
associated structures show great variations in structure from one vertebrate 
class to another. The function of this part of the brain is little known in non- 
mammalian groups. The diencephalon gives rise to the posterior pituitary 
gland, also to the pineal and contains (in fish) many neurosecretory cells. 870 
The thalamus consists of dorsal and ventral thalamus and the hypothalamus, 
which is increased greatly in birds and mammals, 

The thalamus is not known functionally in fish, Frogs from which the en¬ 
tire thalamus has been removed (also the idrebrain connections) are inac¬ 
tive and do not jump voluntarily. 70 They appear to be blind. 201 Release of 
the female by a male frog after oviposition requires a region in the dorsal 
hypothalamus and preoptic forebrain, 11,1 There is evidence that water trans¬ 
fer through the skin may also be regulated by the thalamus. In birds and 
mammals the thalamus becomes important as an autonomic center. In birds 
temperature regulation is localized in this region, 808 and stimulation causes 
a rise in blood pressure and slowing of respiration. 110 

In mammals the dorsal thalamus is important in correlating some sensory 
functions, particularly those of taste and temperature, The hypothalamus is 
essential to life and is the seat of many vegetative functions, such as water 
regulation by eliciting liberation of a pituitary hormone which decreases re¬ 
absorption of water by kidney tubules, and regulation of temperature, sleep, 
and blood sugar level, and other functions, There is some cortical regula¬ 
tion of the autonomic centers of the thalamus, and removal of parts of the 
cortex from cats releases a so-called center of sham rage, 88 The anterior part 
of the hypothalamus prevents abnormally high body temperatures; the pos¬ 
terior part prevents chilling. Damage to the hypothalamus removes emo¬ 
tional drive and induces somnolence. 844 

Telencephalon . The telencephalon is absent from Amphioms but is pres¬ 
ent in all classes of vertebrates, where it has evolved in association with the 



Nervous Systems 


835 


paired olfactory nerves. In cyclostomes and elasmobranchs the primitive pal 
lium (cortex or covet) known as the paleocortex contains secondary olfac¬ 
tory fibers, and this paleocortex is represented in higher vertebrates by the 
piriform lobes, the primary olfactory region of the brain in higher vertebrates. 
The archipallium of fishes contains tertiary olfactory neurones and becomes 
the hippocampus of higher classes; Both the paleocortex and archicortex re¬ 
ceive some non-olfactory fibers and have integrative functions to varying 
degrees in different animal groups. 15 A neurological summary of the origin 
of the cerebral cortex is given by Herrick. 188 In the sluggish dipnoan fish, 
relatives of the likely ancestors of amphibians, enlarged vascular choroid 
plexuses insure a supply of oxygen to the brain and the ventricles are di¬ 
lated. The expanded hemispheric vesicles persist in amphibians, and there is 
addition of some non-olfactory fibers entering the forebrain, but there is no 
superficial gray matter. In reptiles a cortex appears, with penetration into 
the pallium of localized thalamic projection fibers, In birds the olfactory sys¬ 
tem is greatly enlarged; there is a massive corpus striatum and a limited prim¬ 
itive neocortex. 


The neocoxtex is already well developed in the most primitive mammals; 
it is non-olfactory in its connections and lies between the paleocortex and 
archicortex. Higher mammals are characterized by an increase in complex¬ 
ity of this cortex, six cellular layers normally being recognized in the mam¬ 
malian neocortex. These six layers are about 100 cells (or 100 synapses) 
thick in higher primates but are much thinner in lower mammals.* 88 
As one goes from the primitive orders (monotremes and marsupials) to 
the higher (primates), there is a gradual increase in total surface by fold¬ 
ing and formation of sulci between gyri. The total number of neurones in 
the human cortex has been estimated at 10 10 and that of extrinsic ascending 
or descending neurones at 10 8 . 288 Most of the cortical connections are there¬ 
fore, within the cortex itself, horizontal, or vertical from one ce lular level to 
another. The system of relay paths must be exceedingly complex. If we as¬ 
sume all of the properties of synaptic transmission to apply at each cortical 
junction it is Tittle wonder that the total configuration shows unique psy- 


chic” properties. . .. . 

Inside the hemispheres is the massive corpus striatum, present first as a 
solid structure in fishes. Beside the primitive striatum develops m Ingto 
vertebrates a neostriatum which contains the various basal nuclei, these 
are intimately connected with the thalamus; for many functions the thalamu 

is best considered a part of the forebrain. , , i. i u,, va . 

The function of regions of the cerebral cortex has been sttwhed > 
rious means: by ascertaining anatomic* 1 connections; by “ ^ 

measure the functioning of the system as a w . 0 ,. a i t u oue fi some 
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is unable to stand. Preparations of this kind have kon used extensively in 
the study of righting reflexes. 

The inferior colliculus tan mediate some rellex shocklike responses to 
sound) and action potentials from the midhrain of the cat in response to 
sound show that the inferior colliculus is an imjHirtant auditory reflex cen¬ 
ter. 8 Similar electrical recording shows that the superior colliculus is a cen¬ 
ter for mediating responses to light," with a considerable degree of point-to- 
point representation for the retina. Local stimulation of the superior collicu¬ 
lus by strychnine elicits discrete eye movements. Mammals lacking the vis¬ 
ual (striate) cortex show limited visual responses mediated by the mid¬ 
hrain; cats and dogs still show some intensity discrimination, monkeys show 
less discrimination, and in man vision lor light and dark seems to be lost. 
A variety of evidence indicates that in most mammals rod vision depends 
less than com; vision on the cortex, but that in matt neither can lx; sutaerved 
by subcortical levels. 

The midhrain of lishes and amphibians is the region of highest integra¬ 
tion and controls the most complex Ix'havior which these animals show. In 
higher animals, particularly mammals, the midhrain retains the regulation 
of restricted visual ami auditory reflexes, and complex integration has moved 
forward to areas of greater surface, 

The Forebrain, liiimwplwlmt. The various portions of the thalamus and 
associated structures show great variations in structure from one vertebrate 
class to another. The function of this part of the brain is little known in non- 
mammalian groups. The dieneephalun gives rise* to the {posterior pituitary 
gland, also to the pineal and contains (in (ish) many neurosecretory cells.** 8 
The thalamus consists of dorsal and ventral thalamus and the hypothalamus, 
which is increased greatly in birds and mammals, 

The, thalamus is not known functionally in fish, Frogs from which the en¬ 
tire thalamus has ken removed (also the forebrain connections) are inac¬ 
tive and do not jump voluntarily. 7 " They appear to be blind. 881 Release of 
the female by a male frog after oviposition requires a region in the dorsal 
hypothalamus and preoptic forebrain.’" There is evidence that water trans¬ 
fer through the skin may also be regulated by the thalamus. In birds and 
mammals the thalamus becomes important as an autonomic center. In birds 
temperature regulation is localized in this region,* 65 and stimulation causes 
a" rise in blood pressure and slowing of respiration. 116 

In mammals the dorsal thalamus is important in correlating some sensory 
functions, particularly those of taste and temperature, The hypothalamus is 
essential to" life and is the seat of many vegetative functions, such as water 
regulation by eliciting liberation of a pituitary hormone which decreases re- 
absorption of water by kidney tubules, and regulation of temperature, sleep, 
and blood sugar level, and other functions. There is some cortical regula¬ 
tion of the autonomic centers of the thalamus, and removal of parts or the 
cortex from cats releases a so-called center of sham rage,** The anterior part 
of the hypothalamus prevents abnormally high body temperatures; the pos¬ 
terior part prevents chilling. Damage to the hypothalamus removes emo¬ 
tional drive and induces somnolence. 314 

Telencephalon. Ibe telencephalon is absent from Amphioxus but is pres¬ 
ent in all classes of vertebrates, where it has evolved in association with the 
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paired olfactory nerves. In cyclostomcs and elasmobranchs the primitive pal¬ 
lium (cortex or cover) known as the paleocortex contains secondary olfac¬ 
tory fibers, and this paleocortex is represented in higher vertebrates by the 
piriform lobes, the primary olfactory region of the brain in higher vertebrates, 
The arehipallium of lishes contains tertiary olfactory neurones and becomes 
the hippocampus of higher classes: Both the paleocortex and archicortex re¬ 
ceive some non-olfactory fibers and have integrative functions to varying 
degrees in different animal groups. 15 A neurological summary of the origin 
of the cerebral cortex is given by Herrick. 189 In the sluggish dipnoan fish, 
relatives of the likely ancestors of amphibians, enlarged vascular choroid 
plexuses insure a supply of oxygen to the brain and the ventricles are di¬ 
lated. The expanded hemispheric vesicles persist in amphibians, and there is 
addition of some non-olfactory fibers entering the forebrain, but there is no 
superficial gray matter, In reptiles a cortex appears, with penetration into 
the pallium of localized thalamic projection fibers. In birds the olfactory sys¬ 
tem is greatly enlarged; there is a massive corpus striatum and a limited prim¬ 
itive neocortex. 

The neocortex is already well developed in the most primitive mammals; 
it is non-olfactory in its connections and lies between the paleocortex and 
archicortex, Higher mammals are characterized by an increase in complex¬ 
ity of this cortex, six cellular layers normally being recognized in the mam¬ 
malian neocortex, These six layers are about 100 cells (or 100 synapses) 
thick in higher primates but are much thinner in lower mammals, 288 

As one goes from the primitive orders (monotremes and marsupials) to 
the higher (primates), there is a gradual increase in total surface by fold¬ 
ing and formation of sulci between gyri. The total number of neurones in 
the human cortex has been estimated at 10 19 and that of extrinsic ascending 
or descending neurones at 10 8 , 288 Most of the cortical connections, are there¬ 
fore, within the cortex itself, horizontal, or vertical from one cellular level to 
another. The system of relay paths must be exceedingly complex. If we.as¬ 
sume all of the properties of synaptic transmission to apply at each cortical 
junction it is little wonder that the total configuration shows unique "psy¬ 
chic” properties. 

Inside the hemispheres is the massive corpus striatum, present first as a 
solid structure in fishes. Beside the primitive striatum develops in higher 
vertebrates a neostriatum which contains the various basal nuclei, These 
are intimately connected with the thalamus; for many functions the thalamus 
is best considered a part of the forebrain. 

The function of regions of the cerebral cortex has been studied by va¬ 
rious means; by ascertaining anatomical connections; by electrical and 
chemical (strychnine) stimulation, with observation of motor and auto¬ 
nomic responses; by extirpation, with observation of deficiencies in behavior; 
sensory and strychnine stimulation. None of these methods is adequate to 
of locating and seizing food is unaffected; the variability in frequency ot 
measure the functioning of the system as a whole. 

The forebrain of fishes is essentially an olfactory brain, although some 
olfactory discrimination is said to remain when the forebrain is removed. 
The forebrain shows some spontaneous electrical rhythms 10 and responds 
well to chemical stimulation of the olfactory organs. Removal of the fore* 
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brain from elasmobranchs and teleosts causes no disturbance of posture and 
locomotion. Also the fish forebrain has integrative functions, as indicated 
by operative studies on goldfish ( Carassm m ) and on Phoxinm and Cobio, 
211 Fish without forebrains show nearly normal "spontaneous" activity and 
change in position without specific environmental stimulation, but lose “in- 
rtiative"—the ability to react to stimuli in a specific, non-reflex manner. Speed 
of locating and seizing food is unaffected; the variability in frequency of 
spontaneous movements of opercula and eyes is diminished, and the oper¬ 
ated fish after being on a given background tend to select a background of 
the same brightness rather than a dark background, as preferred by normal 
fish. Fleeing is elicited by general exciting stimulation in both normal and 
operated fish; but the fish without forebrains fail to aggregate as much as 
normal fish, particularly when individuals arc separated by wide-mesh screen¬ 
ing. Holocentrus lacking all of the forebrain can still learn to feed from the 
experimenter's hand.* 

The forebrain of a frog shows much spontaneous electrical activity even 
when it is isolated. 102 Electrical stimulation of the forebrain, as in fishes, 
elicits no motor response." 1 ' Lessening of both spontaneity and initiative as 
a result of removal of the forebrain from frogs and salamanders is both af¬ 
firmed 113 and denied; 201 active feeding diminishes, although chewing and 
swallowing are normal. Comparable reduction in foraging does not result 
when eyes and nasal organs are removed from amphibian embryos without 
brain interference. 113 Some conditioned responses are lost after forebrain re¬ 
moval. 113 The swimming of a male frog toward a female at the time of 
spawning is a midbrain response which is facilitated by the forebrain. 111 Thus 
the amphibian forebrain appears to be more important in integration than is 
the fish forebrain. 

Little is known of forebrain function in reptiles, although an electrically 
excitable area has been described for turtles and lizards 227 and for alligators, 21 ' 
but its presence was not confirmed in alligators and Iguana (Straus, per¬ 
sonal communication), or in the lizard Lacerta, w However, in Lacerta the 
motor responses elicited by stimulation of the tectum were modified by simul¬ 
taneous stimulation of the cortex. Straus reports no visible response in four 
alligators on stimulation of the cerebral cortex (with a unipolar electrode). 
All reactions secured could be interpreted as the result of spread of current 
or as pain reactions. In three iguanas similar stimulation produced incon¬ 
stant and variable contractions of muscles of the head, neck, and trunk, but 
none at all of the muscles of the extremities or tail. It seems doubtful wheth¬ 
er the results secured in Iguana can be regarded as constituting proof of the 
existence of a true "motor" cortex, . 

There appear to be no recent studies on electrical stimulation of the non- 
laminated cortex in birds, and older experimenters disagree regarding the ex¬ 
istence of excitable areas, It appears certain, however, that removal of the 
hemispheres from pigeons makes the birds listless and uninterested in their 
envuonment; the operation interferes somewhat with reproductive behavior, 
although the birds can maintain their equilibrium and can erect their feath¬ 
ers and maintain body temperature. 803 With cortex gone but the entire 
stnatum intact, some birds mated and reared young. 383 The operated birds 
earned to eat after some weeks. Forebrainless pigeons were able to avoid 
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obstacles, selected small bits of food visually, but paid little attention to a 
threatening approach. 418 Stimulation of the striatum elicits movements of 
the beak and other structures, and removal of large parts of the striatum 
causes severe behavior deficiencies. 303 

The non-laminated neocortex of submammalian classes deserves more 
study, particularly observations of electrical responses; at present it is not 
possible to assign to it any specific function. 

The mammals present a wide range of cortical function which is well il¬ 
lustrated by the increasing complexity of responses to electrical stimulation 
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Fii». 310. Lateral views of distribution of total excitable (motor) cortex. A, In t e 
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in the series from monotremes to primates. The number of discrete move¬ 
ments that can be elicited on electrical stimulation is quoted as less than 0 
in monotremes and marsupials, 70 28 in an ant-eater ” 8 
tired in higher primes. The monotremes &M«« »***£* 
have a band of motor cortex with gross represent.,on from 
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which have been studied is there certain representation of the hind limbs 
and tail. 1 ' 2 Removal of the excitable area from the opossum causes tempor¬ 
ary weakness of the fore feet, and stimulation of the striatum then elicits 
movement of contralateral legs. 2114 Removal of cortex plus striatum causes 
partial contralateral paralysis, and failure to climb or maintain balance. How¬ 
ever, the animals can eat if food touches the mouth. The face is well repre- 
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Fig. 311. Diagrams showing distribution of excitable cortex. A, in die laboratory rat. 

B, In the cat. C, In the macaque monkey (Piinem). From Huber.* 1 * 

sentecl in the motor cortex. In the hedgehog Erinacms the neocortex is rela¬ 
tively small, and electrical responses to chemical stimulation of the olfactory 
organ® are observed in both the pyriform area and the olfactory bulb, The 
motor cortex is less active and less defined than in more specialized mam¬ 
mals; 15 the cortex of the sheep is not much better. 

Tn rodents there are widely dispersed excitable areas, electrical stimula¬ 
tion of which elicits discrete movements of groups of muscles (Fig, 311, A). 
Decorticate rabbits survive well; they appear blind at first, but later can dis¬ 
tinguish light and darkness. 404 In dogs, when all of the cortex is removed, 
the deficiencies are more severe. The animals are blind, although the pupils 
constrict to bright light, and they are nearly deaf; they lose all those re¬ 
sponses which depend on past training, hut are able to stand and to make 
many postural responses. 

, localization in the cortex of primates, which is distinctly superior to that 
m any other mammal, has been extensively studied; 154 only a few aspects of 
it can be mentioned here. There is a striking series from lemurs through the 
anthropoids to man. One viewpoint is that specific functions are precisely 
localized; another opinion is that the cortex functions as a whole, or at least 
by areas in which finer localization is not rigidly fixed. In a general way the 
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lobes of the forebrain have specific functions: occipital lobe-vision; tem¬ 
poral lobe-hearing; parietal lobe (post-central gyrus)-proprioceptive and 
exteroceptive sense; frontal lobe (precentral gyrus)-motor control. The func¬ 
tions named are not restricted to their lobes and in each part of the cortex 
there are also areas of integration. The sensory areas have been mapped by 
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contralateral occipital cortex (area striata in rats)."' 10 Areas responding to tac¬ 
tile stimulation are not confined to the postcentral gyrus but also extend some¬ 
what anteriorly. The sensory areas correspond in size to the more important 
parts of the sensory pattern, as the mouth parts in rabbits, claws and dorsal and 
lateral forelimb in cats, face in dog, hands and face in monkey." Auditory areas 
show sharp projection from regions of the cochlea, hence of sound frequency, 
in monkeys/ 11 ’ less of point-to-point projection in cats, and probably still less 
in rats/’ 

The motor area is best known from direct stimulation. Cortical stimula¬ 
tion usually elicits responses not of single muscles but rather of groups of 
muscles, exciting some and inhibiting their antagonists, the delineation of 
cortical areas corresponding to discrete movements rather than to individual 
muscles. The motor points which on stimulation yield discrete movements in 
higher primates lie in the precentral gyrus (area 4), with areas for feet: and 
legs dorsally, then, progressing downward, for body, arms, neck, face, tongue. 
Corresponding sensory points lie opposite on the postcentral gyrus (Fig, 

Ahead of the motor cortex lies the premotor area (area 6), which effects 
movement by way of the motor area. Also anterior to the motor area are re¬ 
gions with specilic regulatory functions, such as pupillary constriction, eye 
movements, and respiration, Overlapping these and the motor and premotor 
areas are regions concerned with autonomic regulation, cardiovascular and 
gastrointestinal control, sweating, salivation, etc. The* extreme rostra) por¬ 
tion of the cortex, the frontal areas (prefrontal of many authors), are "as¬ 
sociation regions, and stimulation here elicits no motor response, Removal 
of these regions, of frontal lobotomy, as practiced in certain neurupsyehiatric 
patients, has little postural effect but results in a distinct "intellectual deficit" 
in respect to insight and foresight, and reduces the responses to emotional 
tension and the "worry tendency." 1 lH 

Areas which are silent with respect to electrical stimulation also occur 
in other lobes, parietal and temporal. Aphasia of various types results from 
ablations in several regions. Hence, although intelligence in primates has 
been interfered with most by prefrontal lesions, strict association function is 
widely distributed in the cortex with recent evidence emphasizing the impor¬ 
tance of the temporal lobes, 

Quadrupedal vertebrates (also to some extent artbrojjmls) display placing 
reactions of their legs which are initiated by tactile, visual, or proprioceptive 
stimuli. Also when their feet are dragged'laterally against a plane surface 
they show a hopping reaction. In cats, dogs, and monkeys hopping reac¬ 
tions are lost when the contralateral sensori motor cortex is removed and are 
retained when all but these gyri are ablated. In the rat, placing reactions 
are controlled by a larger area, approximately one third of rim cortex, and 
hopping may he subcortical. In tlu: opossum, placing reactions are controlled 
by the contralateral excitable cortex, as in higher mammals/ 11 In the alli¬ 
gator and lizard, proprioceptive placing remains when all of the brain ahead 
ol the mesencephalon is removed, hut ,placing fails conlralatcrally after re¬ 
moval of a lateral half of the niidhrain (not tectum alone*). 11 - 35 These re¬ 
actions illustrate different degrees of dejiendenee on the lore!,rain, and de¬ 
grees of localization within the cerebral cortex. In man, the only subcortical 


841 


Nervous Systems 


causes ii loss of a learned visual habit but the 
iiiiithly by a new area/ 1 Auditory learning in 


viMU.1 in pupillary, whereas i„ fol, amphibia all vision may be 

I!*,” 5*T " vlll “'- % mi monkeys hare suhewtical nermion of 
light ami dark, Inn not of pattern/ 3 " 11 

The e..n« is also elisii,i B i,isl,,l by a Main cpiipotemmliiy of Function. 
Although then: is point hit point projection on the visual cortex (Fig, 140) 
deficiencies m learned visual reactions occur in rats in proportion to the 
amount ol cortex removed, largely irrespective of location/’' 111 ' " r,l) Removal 
of a visual area from monkeys causes a loss of a learned visual habit but the 
halm is rear lily relearned, presumably- by a new area/ Auditory learning in 
dugs ran occur in substitute areas, any of three regions on both sides beiiw 
required in varying amounts/" When high intensities of electrical stimula* 
non and facilitation are used instead of threshold stimuli for mapping motor 
aie.iH, there appeals to he more overlap ol the areas eliciting movements of 
different limbs, 11,1 Histological identification of different areas of cortex in 
monkeys show, much variation among the individuals of a species, differ¬ 
ences whirlt may oven he the basis for individual variation in behavior,® 
I he histological localization ol specific cortical areas is by no means as pre- 
cist:. 1 as was Icnieiiy believed/" 

Mammals, as compared with birds and reptiles, show striking increase in 
specificity ol I unction ol the neoeuftex, with lamination and the development 
of corticospinal, particularly pyramidal, tracts, Motor areas are present even 
in nit mutt ernes and marsupials, hut localization is less precise, fewer kinds of 
movement are elicited, and there is more overlap than in higher mammals. 
I he basic response to electrical stimulation of a motor area is a gross move¬ 
ment; increase in the number of neurone layers and increase in cortical 
Milling permit more discrete localization and more modifiability of response. 
The evolution of tire* ueneorlex in mammals has involved an increase in 
number ol "computer circuits/ a greater possible variety of combinations, 
and a greater memory factor. 

llehavior mediated by die cortex differs from responses of lower centers 
in consisting ol delayed reactions and in showing considerable lability of re¬ 
sponse. 1 he interconnections of cerebral neurones are multiple. The true 
picture ol cortical function combines gross localization and lability of finer 
units, it is doubtful that the mechanisms of cortical lability can be under¬ 
stood bv any of the experimental techniques now available. 


PERSISTENT PHENOMENA IN CENTRAL NERVOUS SYSTEMS 

Most (if the behavior-described'in the preceding sections can he accounted 
for by messages acting for brief periods over fixed anatomical pathways. 
Nerve physiologists have concentrated on mechanisms of transmission, fa¬ 
cilitation, -and'-inhibition, which .are transient,.lasting at most a few'hundred 
milliseconds, l ess understood is the capacity of the nervous system to retain 
patterns of response for long times -seconds, days, and a lifetime, We know 
virtually nothing of the physiological basis for complex "instinctive" behav¬ 
ior, conditioning, learning, memory, and abstract reasoning. Tropistic be¬ 
havior, direct 'reaction,' rarely occurs in nature, where animals are subjected 
to multiple stimuli and where reactions depend on past experience, ; 

Changes in excitability persisting for seconds in mammalian, nerve cen¬ 
ters have been described.-- The summation in the lumbar spinal cord asscrci- 
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ated with copulation is an example, Another example is facilitation *and ex¬ 
tinction in the cerebral cortex, 12 '' 1 - 124 

Brief repetitive stimulation of a local area of the cortex may reduce the 
electrical response to another brief stimulus applied seconds later at the 
same point. In a monlcey the extinction is maximal in the unanesthetized 
state after 4 seconds, under moderate anesthesia after 13-15 seconds, and un¬ 
der deep anesthesia after 1-3 minutes. The first stimuli may even be sub¬ 
liminal for a cortical response, and the extinction effect depends on deep 
layers of the cortex. A faster effect, facilitation, is an increase in cortical re¬ 
sponse if preceded a few seconds earlier by cutaneous or adjacent cortical 
stimulation. In sympathetic ganglia a single preganglionic volley may cause 
facilitation for a few seconds, but after a series of volleys facilitation lasts 
longer than five minutes. 248 The mechanism of these persistent effects must 
be very different from synaptic excitability changes described above. 

Classification of Conditioned Responses. The literature of comparative 
psychology is extensive and comprises observations of social behavior of ani¬ 
mals and of habits of hunting, feeding, reproduction, and care of young, 
and some experimental studies. An extensive bibliography of conditioning 
(1111 references) is given by Razran, !14li and summaries of the literature 
may be found in books by numerous authors, Maicr and'Schneirla, 2711 and 
Warner, 421 among others^ Modern theory of conditioning is well presented 
by Hilgard and Marquis. 104 We are here concerned with adaptive behavior 
only when it gives evidence concerning neural mechanisms. 

In classical conditioning one stimulus, the conditioned stimulus (CS), is 
usually followed by another stimulus, the unconditioned stimulus (UnCS), 
which alone elicits a given response (RUnCS); after sufficient presentations 
of both stimuli in proper sequence, the first (CS) alone elicits the response 
(RCS). If CS is then applied repeatedly, without reinforcement by UnCS, 
the response to CS may become extinguished; recovery may, however, occur 
spontaneously or as the result of some strong generalized stimulation, disin- 
hibition. Many levels of conditioning exist, and methods for distinguishing 
among different kinds of neural modification are needed before any func¬ 
tional classification of types of conditioning can be made. A comparison of 
the modifiability of different kinds of nerve centers is needed. The following 
“levels of conditioning” may he recognized. 

1. Neural modification may result from repeated stimulation over one 
sensory pathway, such that there occur changes in the quantitative relation¬ 
ship between the intensity of a stimulus (S) and the size of response (R). 
The effectiveness of the stimulus may be either increased or decreased so 
that, for example, kiS^R, or 2S“*R, Central modification must be distin¬ 
guished from sensory adaptation by making certain that the repeated stimula¬ 
tion does not alter the sense organ response. An example of decreased central 
excitability is extinction or “fatigue” of a behavior response as the sense organ 
is repeatedly stimulated. Also, animals may respond differently to different in¬ 
tensities of stimulus, as of light, and the neural modification on repetition 
may consist of raising the range in which the response to the low intensity 
is elicited. Possibly such modification occurs in sensory centers. 

2. The effect of one sensory pathway may be altered by messages over a 
second sensory pathway, even though the two are not presented in a spe- 
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cific sequence. After repetition of Sj^Ri a second stimulus, Sa, may now 
elicit its own response, R-., although before the repetition of Si, stimulus S 2 
failed to evoke any overt response. A weak tactile stimulation to a rat, for 
example, may elicit no motor response unless it follows strong visual stimu¬ 
lation. The stimulation by light lowers the threshold for tactile stimulation, 
even though the responses are different. A response which has been extin¬ 
guished by repetition can be “disinhibited” or brought back by generalized 
■sensory stimulation. One sense modality directly modifies the response to 
another. 

3. In pseudoconditioning the stimulus Sa comes to elicit the same response, 
R„ as does Si. In some instances the stimuli are not presented together. In 
cither instances they are presented in combination. The conditioned response 
(RG) is very similar in latency and form to the unconditioned response 
(RUnG); persistence is limited. Examples are conditioning of the knee jerk 
or of the pupillary reflex. Trial or error learning by lower animals and much 
“instinctive” behavior appear to depend on pseudoconditioning mechanisms; 
this type of modification of behavior is definitely limited by existing neural 
connections. 

4. True conditioning depends on temporal contiguity of the uncondi¬ 
tioned stimulus UnCS, and the conditioned stimulus CS. The RCS differs 
somewhat from RUnCS; it has a longer latency, and the new response may 
persist for days unless it is extinguished. The RCS may be anticipatory in 
character. Conditioned salivary reflexes of the classic Pavlov type and the 
neural modifiability for maze learning and problem-box solving (instrument¬ 
al conditioned reflexes) represent true conditioning 

5. The most complex behavior changes require motivation separated m 

time and space from the CS. Such behavior is “insightful, and the amma 
responds to a new situation, such as a multiple choice problem, in the iigh 
of memory of complex past experience. Complex learning may involve sym¬ 
bolic processes, as in reasoning. , , , 

The preceding classification is arbitrary and has no experimental phy 
siologici basis, but it may provide a background for ccms.de.mg d f e ”‘ 
kinds of animal “learning.” Three theories of containing have been pur 
posed: (1) New synaptic connections may be established dunng conta _ 
ing; the time requiredtor conditioning is so brief that motpho^cd ck 
seems unlikely. (2) Persistent synaptic facd.tat.on mayoccur, eleem 
studies have not given evidence for long-lasting changes in neurone exert 
S). (3) C Conditioning ma, start conduction in reverberanng£ 
thereafter impulses pass continually around the chain, g ,rin 8 f 

c a, ECS as died for; opposed to this is the act f W-*? 
anesthesia. None of these hypoth«s is 

and a new approach is needed if the physiology ° dif- 

derstood. Examination of the kinds of , ;c un a eist anding the 

ferent animals and in various nerve center y 

amoeba avoids a bright light by decreas g P with f ewe r partial turns after 
paramecium turns around in a capillary tube with rewer F 
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ated with copulation is an example, Another example is facilitation ‘and ex¬ 
tinction in the cerebral cortex. 12:11124 

Brief repetitive stimulation of a local area of the cortex may reduce the 
electrical response to another brief stimulus applied seconds later at the 
same point. In a monkey the extinction is maximal in the unanesthetized 
■state after 4 seconds, under moderate anesthesia after 13-15 seconds, and un¬ 
der deep anesthesia after 1-3 minutes, The first stimuli may even be sub¬ 
liminal for a cortical response, and the extinction effect depends on deep 
layers of the cortex. A faster effect, facilitation, is an increase in cortical re¬ 
sponse if preceded a few seconds earlier by cutaneous or adjacent cortical 
stimulation, In sympathetic ganglia a single preganglionic volley may cause 
facilitation for a few seconds, but after a series of volleys facilitation lasts 
longer than five minutes. 248 The mechanism of these persistent effects must 
be very different from synaptic excitability changes described above, 
Classification of Conditioned Responses. The literature of comparative 
psychology is extensive and comprises observations of social behavior of ani¬ 
mals and of habits of hunting, feeding, reproduction, and care of young, 
and some experimental studies, An extensive bibliography of conditioning 
(1111 references) is given by Razran, 343 and summaries of the literature 
may be found in books by numerous authors, Maier and'Schneirla, 27,1 and 
Warner, 4 - 1 among others, ( Modern theory of conditioning is well presented 
by Hilgard and Marquis. 104 We are here concerned with adaptive behavior 
only when it gives evidence concerning neural mechanisms. 

In classical conditioning one stimulus, the conditioned stimulus (CS), is 
usually followed by another stimulus, the unconditioned stimulus (UnCS), 
which alone elicits a given response (RLInCS); after sufficient presentations 
f ™ ™ in P ro P ei sequence, the first (CS) alone elicits the response 
(RCS), If CS is then applied repeatedly, without reinforcement by UnCS, 
the response to CS may become extinguished; recovery may, however, occur 
spontaneously or as the result of some strong generalized stimulation, disk- 
hibition. Many levels of conditioning exist, and methods for distinguishing 
among different kinds of neural modification are needed before any func¬ 
tional classification of types of conditioning can be made. A comparison of 
the modifiability of different kinds of nerve centers is needed. The following 
levels of conditioning” may be recognized. 

I Neural modification may result from repeated stimulation over one 
sensory pathway, such that there occur changes in the quantitative relation- 
ship between the intensity of a stimulus (S) and the size of response (R). 
The effectiveness of the stimulus may be either increased or decreased so 
that for example, %S~>R, or 2S~>R. Central modification must be distin¬ 
guished from sensory adaptation by making certain that the repeated stimula- 
tion does not alter the sense organ response, An example of decreased central 

3S&* f xt T°? °! fati8ue ” f* behavior ^se as the sense organ 
s repeatedly stimulated. Also, animals may respond differently to different in¬ 
tensities of stimulus, as of light, and the neural modification on repetition 
may comast of raising the range in which the response to the low intensity 
is elicited. Possibly such modification occurs in sensory center, Y 

2. I he effect of one sensory pathway may be altered by messages over a 
second sensory pathway, e,en though the two are not printed fa TTpe 
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cific sequence. After repetition of a second stimulus, S a , may now 
elicit its own response, It., although before the repetition of Si, stimulus S 2 
failed to evoke any overt response. A weak tactile stimulation to a rat, for 
example, may elicit no motor response unless it follows strong visual stimu¬ 
lation. The stimulation by light lowers the threshold for tactile stimulation, 
even though the responses are different. A response which has been extin¬ 
guished by repetition can be "disinhibitod" or brought back by generalized 
sensory stimulation. One sense modality directly modifies the response to 
another. 

3. In pseudoeonditioning the stimulus S a comes to elicit the same response, 
lb. as does Si. In some instances the stimuli are not presented together. In 
other instances they are presented in combination. The conditioned response 
(RC) is very similar in latency and form to the unconditioned response 
(RUnO); persistence is limited. Examples are conditioning of the knee jerk 
or of the pupillary reflex. I rial or error learning by lower animals and much 
"instinctive 1 behavior appear to depend on pseudoeonditioning mechanisms; 
tin's type of modification of k'havior is definitely limited by existing neural 
connections. 

4. I rue conditioning depends on temporal contiguity of the uncondi¬ 
tioned stimulus UnCS, and the conditioned stimulus CS. The RCS differs 
somewhat from IUlnCS; it lias a longer latency, and the new response may 
persist lor days unless it is extinguished. The RCS may he anticipatory in 
character. Conditioned salivary reflexes of the classic Pavlov type and the 
neural modifiability for maze learning and problembox solving (instrument¬ 
al conditioned reflexes) represent true conditioning 

5. The most complex k'havior changes require motivation separated in 
time and space from the CS. Such behavior is "insightful," and the animal 
responds to a new situation, such as a multiple choice problem, in the light 
of memory of complex past experience, Complex learning may involve sym¬ 
bolic processes, as in reasoning. 

The preceding classification is arbitrary and has no experimental phy¬ 
siological basis, but it may provide a background for considering different 
kinds of animal "learning,” Three theories of conditioning have been pro¬ 
posed: (1) New synaptic connections may be established during condition¬ 
ing; the time required for conditioning is so brief that morphological change 
seems unlikely. (2) Persistent synaptic facilitation may occur; electrical 
studies have not given evidence for long-lasting changes in neurone excit¬ 
ability. (3) Conditioning may start conduction in reverberating chains and 
thereafter impulses pass continually around the chain, giving off motor dis¬ 
charges as called for; opposed to this is the fact that memory continues after 
anesthesia, None of these hypotheses is satisfactory for long-term learning, 
and a new approach is needed if the physiology of conditioning is to be tin 
derstood. Examination of the kinds of conditioning which can occur in dif¬ 
ferent animals and in various nerve centers may aid in understanding the 
mechanisms of persistent responses, 

Neural Bajds for Conditioned Responses in Animals. In Protozoa altera¬ 
tion in sign and rate of response to repeated stimulation has been reported; an 
amoeba avoids a bright light by decreasing pseudopodial contacts, 281 and a 
paramedum turns around in a capillary tube with fewer partial turns after 
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several tries. A conditioning experiment which should be repented was per¬ 
formed by Plavilstchikov (reported by Razraiv 115 ) on the colonial peritrich 
Carcheshm with colored light as CS and a mechanical prod as UnCS. All 
of 82 colonies were “conditioned” to respond to the light after tin avenue 
of 138 trials at 15 to 20 per day, and the habit was reported to he retained 
and carried along when part of the colony was transplanted to another col¬ 
ony! 

There is no evidence of conditioning among coclenterates, although the 
tentacles of fed actinians fail to accept paper after several repetitions; this 
may be sensory adaptation, Echinoderms, particularly starfish, show complex 
behavior in feeding, righting, and escaping from narrow confines, but there 
is no evidence for lasting modifiability except perhaps in changing dominant 
arms after restraint. 2 * 1 No conditioning experiments have been reported on 
coclenterates or echinoderms in which different sense modalities have been 
used as CS and UnCS. 

In the flatworms and annelids there is clear evidence for dominance of 
cephalic sense organs and nerve centers. There are numerous examples of 
reversal of a response to one sensory stimulus by combining such a stimulus 
with another which is normally more potent. A marinedlatvvorm, for ex¬ 
ample, which was quiet in darkness and active in light, was “trained" by 
touching each time it: moved in the light to remain quiet on illumination. 212 
Specimens of Nemthes ( Nereis ) which normally responded negatively to 
illumination or to touch “learned” to come out of their tubes in the light by 
virtue of an UnCS of mussel juice presented at the time of the light or 
touch, - m Reversals of normal sign of response to light were elicited by 
tactile stimulation in llydrouW'" and in Umbriculns A 12 The earthworm 
is normally positive to low light intensities and negative to high; if this is 
also true for other species the reversal in response (as in Nmithes) may he a 
rise in. threshold for negative response. This hypothesis could he tested by 
measuring conditioned responses at: several light intensities. Quite a different 
order of conditioning was achieved on one individual earthworm by Yerkes 
; . and on several by Heck”* and by Swartz,™ 1 using a Shaped maze with 
electiic shock on one arm, I he worms formed an association with the "cor¬ 
rect (shockless) direction of turning, the habit was not lost after removal 
of the supraesophageal ganglion, and worms from which several anterior . 
segments had been removed learned the habit. Apparently the ventral gan¬ 
glia can be conditioned. . h 

Sensory adaptation is familiar in molluscs, and in one conditioning expert- 
ment cm a snail, Physa , tactile stimulation of the foot, which normally in¬ 
hibited chewing movements, presented in combination with UnCS of a let 
uce lea elicited chewing movements 11 * Experiments with snails in mazes 

ofS^l TnT y T S$h ’ Amon « the GC P lla M molluscs, individuals 
f t VU1 nd Oct0 { US , leamGd ™ to eject their tentacles at a prawn behind 
a glass plate on which a white circle was painted, while they continued to 

te ar undT S ^ by glass and cirde.^^ A normal sepia 

whl Z ] T nGr afo a prawn which has disappeared behind a barrier; 
when the dorsal integrative portion of the brain mass, the verticals com 
Plex, is removed (p. 821), the sepia no longer hunts ^ Srml 
a prawn, although it can still learn not to eject its tentacles at a prawn be- 
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hind a *»» BUm tm been conditioned to give a cktomatophore re- 
spouse with colored light as the CS. r 

In no other group of invertebrates is instinctive behavior so highly de¬ 
veloped as in the arthropods, particularly in hymenopteran insects, The lit¬ 
erature on social behavior of bees, wasps, and ants is more extensive than 
or any other group except primates. Experimental studies are fewer. Liaht 
has been used successfully as a CS, associated with prod or shocking as 
UnCS, in arthropods such as the water mite Limnesia, m Cyclops, hermit 
crabs (hupagnms) t m Pagurus and Leander (Mickhailoff in Razran 345 ) 
and cockroaches by several authors (e.g., Hunter 216 ). Larvae and adults of 
l CHebrio were trained to avoid rough or smooth surfaces and to make a cor- 
tec t turn in a I-maze. 117 A crude correlation has been suggested between 
the relative size of the mushroom bodies (corpora pedunculata) and intelli¬ 
gence of insects (1 able 78), hut no one seems to have tested the effect on 
learning and memory of the removal of these bodies. Limulus, an animal 
with very large corpora pedunculata, has not been studied for “intelligence.'’ 
Arthropod behavior is modifiable within limits. 

Hsh have been conditioned in many experiments, particularly to color, 
form, and sound as the conditioned stimuli, and the habit has been retained 
lor several weeks, 72 1 raining in mazes has also been successful. Some fish 
show social behavior, nest building, and care of the young, and some mi¬ 
grate great distances. Removal of the forebrain from sticklebacks resulted in 
no loss in behavior or in ability to learn color or form discrimination; also 
after removal of the cerebellum these fish learned and retained their habits 
well. :illM Goldfish have been trained to second-order responses, i,e., first to 
visual .stimulus with food as the UnCS and then to the olfactory stimulus of 
amyl acetate with the visual stimulus as reward. 371 When parts of the tec¬ 
tum were removed, particularly its anterior border, the second-order learn¬ 
ing was upset; hence the site of conditioning was the tectum. There appears 
to lit* much variation in the function of the forebrain (principally striatum) 
among lish. Cichlid fish, for example, after loss of the entire forebrain 
showed sex recognition, learned new territories, but failed to deposit or ferti¬ 
lize eggs or to go in schools. In Lehistes, however, mating persisted; Hemi- 
chromis, 19 months after a lesion to the striatum, failed to guard its eggs. 307 
Both tire tectum and striatum, then, function in certain species for learned 
and complex instinctive behavior. 

Amphibians refuse distasteful food after a few trials. Both urodeles 297 and 
anurans 147 have been trained successfully in simple mazes, Conditioning to 
visual and auditory stimuli with food as UnCS occurs if the-stimuli are no 
more than 2 seconds apart. 115 Associations are still formed with one side of 
the forebrain removed but not with both halves lacking. 

Turtles have been trained in mazes nearly as readily as rats. Birds per¬ 
forin complex feeding, mating, nest-building, and rearing of young. ML 
gration and homing are poorly understood, but certainly experience and good 
memory of places are contributory. Many studies by conditioning and maze¬ 
learning techniques have demonstrated the high order of learning in birds, 4 " 1 
but few correlations with neural structures have been made, Discrimination 
between a circle and triangle continues in the fowl after removal of the cor¬ 
tical surface of the forebrain. 258 
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In contrast to reptiles and birds, mammals have been conditioned in ways 
which indicate the general site of persistent neural modification, if not its 
nature. Reflexes which can occur without the cortex are susceptible of con¬ 
ditioning, for example, eyelid reactions, pupillary response, psycho-galvanic 
reflex and knee jerk. However it is not proved that the conditioning per 
se is not in higher centers. A word association may be formed in man on a 
single trial, but spinal reflexes (in intact animals, including man) are very 
difficult to condition. 377 ' 431 Ability to learn appears to increase in the fol¬ 
lowing order: rats (and some other rodents), cats, dogs, raccoons. Primates 
excel in problem-solving and use of tools; cortical conditioning in them is 
rapid and varied, and usually the RC differs in detectable manner from the 
RUnCS. 

There is no evidence for conditioning of sympathetic ganglia or various 
sensory nuclei. It has been claimed that in acutely spinal dogs certain spinal 
reflexes can be conditioned, 382,107 However, in chronic preparations, altera¬ 
tions in leg response by conditioning methods do not occur according to a 
typical learning curve; the response is variable in form and may he either 
extension or flexion. 233 In chronically spinal rats crossed extension, responses 
of the rump to tail stimulation, and some other reflexes are gradually "ex¬ 
tinguished" after many stimulations at the rate of one every fifteen seconds; 
these responses return (disinhibition) after general vigorous excitation. 338 
True conditioning of the spinal cord has not been demonstrated, but per¬ 
sistent alterations in spinal excitability certainly do occur. 

Subcortical centers of the brain can be conditioned in certain mammals. 
Decorticate dogs 138 and rabbits, 401 as well as animals lacking the striate 
or visual cortex (rabbits, 403 rats 240 - 231 ), have been conditioned to light and 
to sound. Even some responses acquired prior to decortication can he retained 
after the operation, The kinds of response that can be conditioned in de¬ 
corticate dogs are limited, and are of widespread activity rather than re¬ 
stricted response. 108 Numerous experiments after removal of the visual cortex 
indicate conditioning of generalized responses to light but not detailed visual 
discrimination. In cats auditory conditioning normally involves the auditory 
cortex; if this is lacking some "learning" occurs at the level .of the inferior 
colliculus, and lacking this a modified, low sensitivity response occurs at 
even lower levels. 842 The dependence on specific cortex decreases in the 
order: man, monkey, dog, rabbit. Startle responses to sound are made by 
cats after transection-at the level of the superior colliculus, In non-operated 
rats startle responses to sound and light can be extinguished by repeating 
stimuli at intervals of many seconds; the extinguished response can lie dis- 
inhibited, and the threshold for startle responses can be raised by simulta¬ 
neous shocks to the feet. 1 

What are the probable loci of persistent modifications in response? In¬ 
tervals between stimuli are so great, that sense organ responses cannot have 
been altered. It is possible to substitute stimulation anywhere on the sensory 
pathway (spinal cord, sensory cortex) for the CS. However, no conditioning 
occurs if the motor nerve or motor cortex is stimulated as the UnC$. m The 
motor (mechanical) response need not be made during conditioning; the 
.ventral roots to the leg of a dog were cut and the dog conditioned by a 
sound plus shod to the leg, then after nerve regeneration the muscular 
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impulses count for more or less than one in eliciting outgoing messages; te- 
inlorcement occur? by facilitation and diminution by inhibition. 

1 . Corre lation between chemical and electrical events of svnaptic 

transmission is not clear, but limited sampling shows svnaptic potentials 
tollowed by soma potentials of slower time course than axon potentials. 
Most of the distributional properties of synapses evolved very early. In the 
coelenterate nerve net, for, example, there is already facilitation in such 
high degree that it determines a sort of polarity at junctions. Central antag¬ 
onism with reciprocal innervation of muscles is well developed in annelids 
and may occur in lower phyla. Facilitation may be early or delayed; early 
facilitation represents addition of converging subliminal impulses and gives 
the time course of decay of the excitatory process, whereas late facilitation 
may be associated with convergence via delay-paths or with after-negativity of 
motoneurones. Inhibition also may be direct or delayed: direct inhibition 
may result from anelectrotonic conduction in short interneurones: delayed 
inhibition may result from blocking by impulses in suitably timed delay-paths, 
or from after-positivity. 

Peripheral conducting systems or subepidermal networks have been largely 
replaced by local reflex centers for activating fast muscles. It is quite possible 
that the subepidermal plexus in the earthworm and in molluscan feet (but 
not in echinoderms) is even now vestigial. In most phyla, diffuse networks 
for the control of visceral musculature persist. 

Among invertebrates central nervous and neuromuscular mechanisms are 
closely interconnected in evolution. In the coelenterate nerve net system 
there is little distinction as to whether facilitation is neuroneural or neuro¬ 
muscular. Some of the so-called peripheral conduction in worms and molluscs 
may be muscular. In arthropods the neuromuscular junctions with multiple 
innervation, facilitation, and inhibition are as important as the central ner¬ 
vous system in gradation of movement. (Ch. 16) 

As one passes toward the most specialized groups—cephalopod molluscs, 
insects and higher crustaceans, birds, and mamipals-one sees increasing ceph- 
alization in the nervous system. The sensory basis for cephalizarion is clear, 
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the intergrative basis is less so. In each of the must specialized animal groups 
are regions of the "brain” which are not sensory centers and which may medi¬ 
ate no direct motor response when stimulated.the verticals complex of ceph¬ 

alopoda, "association areas" of the cerebral cortex of mammals, and probably 
the corpora pedunculate of arthropods. As capitalization proceeds there is in¬ 
creasing control of one level of the nervous system by another level, the 
cephalic levels usually inhibiting and regulating the lower motor levels. 

All integrative nerve centers which have been examined show "spontan¬ 
eous” electrical activity, which is not shown in distributing or sensory cen¬ 
ters. The integrative centers--earthworm ventral ganglia, goldfish tectum, 
and mammalian cortex-show true conditioning. 

Both phylogenetically and ontogenetically two trends in development of 
nervous systems are evident: (1) from mass reactions to restricted compli¬ 
cated behavior patterns, and (2) from fixed rigidity of response to lability of 
response, The movements of most worms, of lower fish, and of early embryos 
of all animals arc gross total patterns, whereas restricted movements appear 
as locomotor appendages develop, The nervous system constantly integrates 
the behavior of each animal as a whole. Neural rigidity implies a simple 
stimulus-response system, lability requires integrative mechanisms. In the ver¬ 
tebrate series the primitive neuropile may show some lability, but as the series 
progresses the associative regions are pushed ecphakl and increase greatly 
in amount. New regions of the brain take over functions served by lower 
regions in less specialized and less versatile vertebrates. 

In a survey of comparative neurophysiology one is impressed hv how 
much is known about transmission in axons and across synapses and how 
little is known about central nervous phenomena that persist longer than a 
few milliseconds. There are many examples of behavior for which no physio 
logical mechanism is known, Animals such as arthropods immediately 
alter leg coordination when one appendage is interfered with; this is plas¬ 
ticity tiie nervous system. In other animals, particularly in amphibians, the 
whole spinal cord contains some means of “tuning" a specific musdc rcson 
ance of the nervous system. Locomotion is more than a sequence of chain 
reflexes, The specific behavior associated with feeding, mating, nest-building, 
care of young, etc,, in such animals as insects, fishes, birds, and even jxtly- 
chaete worms, is unlearned and very complex. Modifiability of response by 
repeated or by associated sensqry stimulation is varied, ami no adequate 
classification of types of conditioning exists, Finally .learning, abstract rca- 
soning, and in man the evolution of speech are neural phenomena whose 
nature remains for the future to explain. 
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cholinergic systems in muscles in, 610, 
612 

chromatophores in, 688 
conditioned responses in, 844 
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phonoreception in, 492 

photic behavior of, 392 

proteinases of, 161 

terrestrial, osmoregulation in, 55-58 
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Asterias, osmotic adjustment in, .14 
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effect on visceral muscles, 606 
regulation of heart and, 548 
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control of, 671 
extracellular, 660 
functional significance of, 673 
intracellular, 660, 671 
mechanism of, 667 
occurrence of, 661 
physical characteristics of, 666 
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body temperatures in, 362 
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chemoreception in, 456 
conditioned responses in, 845 
digestive secretion in, 156 
erythrocytes in, 295 
forebrain in, 836 
fovea in, 401 

hemoglobin content in, 295 
kidney in, 48, 58 
lungs in, 221 
migration in, 371 
hormones and, 766 
nitrogen excretion in, 195, 200 
osmoregulation in, 58 
phonoreception in, 490 
respiratory characteristics of blood, 307 
respiratory control in, 258 
respiratory responses in, 267 
seasonal color changes in, 765 
temperature regulation in, chemical 
mechanisms, 369 
uricolytic enzymes in, 204 
visual field in, 400 
Blacktongue, 127 
Bladder, gas, 218 
Blind spot, 396 
Blindness, color, 437 
Blood, ammonia in, 187 
carbon dioxide content, 329, 330 
cells, red. See Erythrocytes. 
circulation of, 531-575 
concentration of, in fresh-water verte¬ 
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ions in. See Ions, inorganic, 
mammalian, reactions to carbon dioxide 
transport in, 331 
oxygen capacity of, 306 
pigments, oxygen tension and, 247. See 
also Pigments. 

pressure, in closed systems, 534 
in open systems, 540 ; 

measurement and regulation, 534 
values in various animals, 538 
proteins in, concentration in, 103, 104 
pigments as, 334 
size of, 105 

respiratory characteristics of in various 
animals, 307 : 309 
salinity of. See Osmoregulation, 









Blood, transport by, 533 
types, 106 
vessels, pulsating, 545 
volume, 533 

values in various animals, 535* 

Body fluids. See Fluids, body. 

Body temperatures in hibernation, 372 
in homoiotherms, 362 
in poifcilotherms, 349, 351, 253, 358 
Bombyx, developmental hormone in, 735 
Boring mechanisms for feeding, 146 
Bostrychidae, wood digestion in, 172 
Bradycardia during diving, 260 
Brain, functional evolution of, 828-841 
in invertebrates, 816 
in vertebrates, 829 
Branchial tufts, 213, 214 
Breathing. See Respiration, 

Brightness discrimination, 415 
explanation’ of, 418 
Brine shrimps, osmoregulation in, 32 
B-substance in amphibian color changes, 
704 

in color changes in fish, 709 
Buffering in invertebrates, 333 
in lower vertebrates, 332 
Bunsen-Roscoe reciprocity law, 406 
Busycon, oxygen transport in, 328 

Calciferol, 132 

Calcium, absorption of, in postmolt in 
crustaceans, 738 
functions of, 97 
in nerve transmission, 795 
ions, effects on hearts, 564, 565 
in sea water and body fluids, 78 
in tissues and body fluids, 76 
ratios of concentration, 82 
Calocaris, brain in, 817 
Calories produced by various foods, 237 
Cambarus, molting in, 738 
sinus gland in, 696 
Canals, semicircular, 475, 517 
Cancer pagums, body fluids in, 91 
osmoregulation in, 24 
Carassius, oxygen consumption in, 241 
spinal reflexes in, 824 
Carbohydrases, specificity of, 170 
Carbohydrates, conversion to fat, 269 
digestion of, 168-176 
age and, 176 

metabolism of, hormonal influences in 
757 ' 

nature of, 168 

oxygen consumption in utilization of 
237 ' 

speed of utilization of, 237 
utilization in Protozoa, 114, 115 
Carbon requirements, 114-115 
in Protozoa, 113, 114 


Carbon dioxide, combining power of, 329, 

333 

dissociation curve of, 329 

effect on oxygen dissociation, 311, 

313, 314, 315 

effect on respiratory center, 255 
elimination of in anaerobiosis, 273 
exchange in vertebrates, 212. See 
also Respiration. 

increase in, respiratory responses to, 

265 

tensions, 330 

tolerance in diving mammals, 260 
transport of, 329-334 
in lower vertebrates, 332 
reactions in mammalian blood, 331 
Carbonic anhydrase, 331 
distribution, 333 
Carbonyl-proteinases, 158 
Carboxybemoglobin, absorption spectra of, 

298, 299 

Carboxypeptidases, 159, 167 
Cardnus, blood ions in, 87, 89 
muscle responses iri", 594 
osmoregulation in, 26 
respiratory quotient in, 277 
Cardiac cycle, 543. See also Heart. 

Carnivores, digestive enzymes in, 178 
Carotene, 131,132 
Carotenoids in vision, 408 
Cat, muscle in, 589 
nictitating membrane in, 591 
pacinian corpuscle in; 504 
Catelectrotonus, 780 
Caterpillars, phonoreception in, 498 
Catfish, color changes in, 710 •*, 

Cathepsin, distribution of, 163 
Cathepsin 1,158 
Cathepsin II, 159 
Catocala, tympanal organs of, 494 
Caudirn, ionic regulation in, 89 
osmotic adjustment in, 13 
salts in body fluids in, 85 
CBLH, 700 
CDH, 700 

Cell(s), giant nerve, 786 
membrane, electrical phases of, 778 
Cellular physiology, 1 
Cellulase, distribution of, 171 
Cellulose, digestion of, 169, 171 
Central excitatory state, 803 
inhibitory state, 803 

Centrostephams longispinus, chromato- 
phores in, 689 

Cephalic dominance in invertebrates, 816 
Cephalopods, blood and oxygen capacity 
in, 304 
brain in, 820 
chemoreception in, 450 
chromatophores in, 678, 690 


Cephalopods, ganglionic reflexes in, 815 
giant libers in, 788 
luminescence in, 662, 664 
nervous regulation of heart in, 558 
neuromuscular transmission in, 613 
oxygen transport in, 326 
oxygen withdrawal by, 252 
respiratory control in, 263 
Cerambycidae, cellulose digestion in, 172 
Cerebellum, functions of, 831 
Cerebral cortex, areas of, 839 

equipotentiality of function in, 841 
in mammals, 837 
motor area, 840 
premotor area, 840 
CES, 803 

Cestodes, locomotion in, 816 
C kaetopiqrus, luminescence in, 661, 662, 
663 

Chameleons, color changes in, 714 
Chelonia, nitrogen excretion in, 198 
Chemical sense, common, sensitivity of, 
459. See also Chemoreception. 
Chemoreception, 447-470 
behavior and, 448-457 
in arthropods, 450 
in invertebrates, 448 
in vertebrates, 453 
intensity discrimination in, 465 
physiology of, 457-468 
Chemoreceptors, 459 
activation of, 465 
classification of, 447 
contact, 448 

control of respiration by, 255 
in insects, 451 
in vertebrates, 453 
sensitivity of, 457 
Chemotrophic organisms, 112 
Chiasma, optic, 435 

Chick embryo, nitrogen excretion in, 200 
Chicken, essential amino acids for, 117 
metabolism in, 232 

Ghilomnas paramecium, carbon require¬ 
ments of, 114 

oxygen consumption in, 229 
thiamine and, 123 

Chironomus, hemoglobin function in, 321, 
322, 323 
Chitin, 170 
digestion of, 173 

Chloride ions in blood in relation to chlor¬ 
ide in medium, 86 
in sea water and body fluids, 78 
in tissues and body fluids, 76 
ratios of concentration, 82 
Chlorocruorin, 291, 293, 302, 303 
absorption spectra, 300 
oxygen transport by, 326 
Cholecystokimn, 156, 763 


Cholesterol, dietary requirements, 134 
Choline, 129 

Cholinergic regulation of heart, 546, 548, 
557 

systems in muscles, 608 
Cholinesterase content of nervous tissue, 
792 

in electric organs, 620 
types of, 781, 782 
Chordates, blood pressure in, 538 
exopeptidases in, 167 
proteinases of, 162 
Chordotonal organs, 493, 494, 495 
Chromatophores and color change, 677-724 
aneuronic, 707 
dineuronic, 707 
factors affecting, 684 
functional organization of, 688 
functional significance of, 715 
in amphibians, 703 
in annelids, 688 
in cephalopods, 690 
in crustaceans, 693 
in echinoderms, 689 
in fish, 706 
in insects, 691 
in reptiles, 712 
in vertebrates, 703 
index of, 682 
light and, 684 
mononeuronic, 707 

structure and methods of action, 677- 
684 

Chromatophorotropins in central nervous 
system of crustaceans, 700 
in eyestalks of crustaceans, 694-699 
Chromatosomes, 711 
Chymotrypsin, 159 
Cilia, 640-653 

activity of, characteristics of, 643 
environmental factors and, 649 
reversal of, 645 
theories of, 650 
as feeding mechanism, 145 
coordination and control of, 646 
functions of, 640 
metachronism in, 646 
propulsion of food by, 149 
responses to chemicals by, 448 
structure of, 642 
Ciliates, conduction in, 776 
Circulation, 531-575, See also Blood and 
Heart. 

summary, 567 
CIS, 803 

Clam, motor innervation in, 601 
photoreception in, 406 
Clarias lazera, branchial diverticula in, 217 
Cnidoblast, 656 
Cnidocil, 656 
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Cochlea, 474 
structure of, 475 

Coelenterates, chemoreception in, 449 
exopeptidases in, 166 
fresh-water, osmoregulation in, 35 
ionic regulation in, 84 
ions in body fluids in, 82 
luminescence in, 661 
nematocysts of, 655 
nerve nets in, 808 
nitrogen excretion in, 192 
ocelli in, 384 
oxygen supply of, 211 
pH of digestive organs, 152 
proteinases of, 160 
site of digestion in, 150 
speed of nerve conduction in, 782, 783 
uricolytic enzymes in, 203 

Coelom, 533 

Coelomic fluid, protein concentration in, 
104 

Cold, adaptation to, 241 
metabolic response to, 369 
narcosis, 371 
receptors for, 364 

Cold-blooded animals. See Poikilothems, 

Coleoptera, gills in, 215 
luminescence in, 664 

Colliculus, inferior, 834 
superior, 833 

Color blindness, 437 

Color change and chromatophores, 677-724 
diurnal rhythms and, 687 
factors affecting, 684 
functional significance of, 715 
light and, 684 
morphological, 683 
physiological, 678 


measurement of, 682 
primary, 687 

seasonal, hormonal control, 765 
secondary, 685 
Color vision, 436-440 
abnormal, 436 

"dominator-modulator” theory of 439 
normal, 436 ’ 


peripheral mechanism of, 437 
_ phylogenetic distribution of, 40' 
Coloration, hormonal control, 765 
Comparative physiology, defined, 1 
ecological aspects, 3 
phylogenetic aspects, 3 
Compound eye in arthropods, in 
formation in, 389 

Conditioned responses, classification 
842 


neural basis for, 843 
Conditioning, levels of, 842 
theories of, 843 

Conduction in nerve nets, 808 


Conduction, non-nervous, 776 
nervous, 777-808 
speed of, 782 
of food, 147 
body region for, 149 
Contact stimuli, orientation to, 507 
Contractile vacuole. See Vacuole. 

Cooling, lethal effects, 343 
Coordination, non-nervous, 776 
Copepods, proteinases in, 161 
Copper, blood, in various animals, 304 
Corpuscles, pacinian, adaptation in, 511 
Corpus allatum, 734 

in grasshopper, fat metabolism and. 
759 

in insects, gonadotropic activity of, 

Corpus luteum, development of, 747 
progestin production by, 746 
Corpus striatum, 835 

Cortex, visual, 435. See also Cerebral 
cortex. 

Corti, organ of, 475 
Cothurnia, contractile'vacuole in, 44 
osmoregulation in, 42 

Crabs^blood concentrations of, 22, 23, 24, 
gills in, 214 

kelp, oxygen consumption and body 
weight of, 228 
motor innervation in, 597 
osmoregulation in both hypertonic and 
hypotonic media, 27 
in either fresh or sea water, 28 
respiratory quotient in, 277 
rock, osmoregulation in, 24 
shore, osmoregulation in, 26 
volume changes in sea water, 21 
Crago, color changes in, 695, 700 
Crayfish, breathing movements in, 263 
giant fibers in, 788 
kidney of, 30 
molting in, 738 
osmoregulation in, 29 
oxygen consumption in, 239 
Creatine as muscle phosphagen, 615 
excretion of, 189 
Creatinine, excretion of, 189 
Crista, 517 
Cromofora, 677 
Crop, functions of, 147 
Crustaceans, anaerobiosis in, 273 
blood and oxygen capacity in, 304 
blood pressure in, 541 
blood protein in, 104 
, breathing movements in, 263 
cardiac pacemaker in, 547 
chemoreception in, 453 
chromatophores in, 680, 693 
digestive tract muscles in, 607 


Crustaceans, eye in, 388 
fresh-water, 29 
giant fibers in, 788 
gills in, 214 

ionic concentration in, 86 
male hormone in, 752 
marine, 29 
molting in, 737 
motor innervation in, 596 
nervous regulation of hearts in, 558 
nitrogen excretion in, 191, 192 
osmoregulation in, 20-33 
oxygen consumption in, 242 
oxygen withdrawal by, 251 
respiratory mechanisms in, 214 
respiratory response in, 265 
retinal pigment control in, 764 
uricolytic enzymes in, 203 
Crystal structure of hemoglobins, 105 
Ctenophores, cholinergic systems in mus¬ 
cles in, 611 
luminescence in, 662 
statocyst of, 514 
Cupula, 517 " 

Curare, effect on muscle, 588 
neuromuscular transmission and, 612 
Cutaneous sensation, 509. See also Skin. 
Cyanea, osmotic adjustment in, 14 
Cyanide sensitivity in relation to oxygen 
consumption, 233 

Cyclostomes, ions in body fluids in, 83 
kidney in, 48 
osmoregulation in, 51 
photosensitive pigments in, 412 
C ypridina, luciferin in, 668 
Cysticercus tenuicollis, osmoregulation in, 
18 

Cystine, structural formula, 119 
Cystophora, blood changes in during 
diving, 260 
Cytochrome, 294 
absorption spectrum of, 300 

Daphnia, eggs of, osmoregulation in, 20 
hemoglobin function in, 323 
Dark adaptation, electrical measurement 
of, 426 
in My a, 406 
kinetics of, 415 
nerve impulse in, 432 
Deaminases, distribution of, 201 
Debt, oxygen, 274 
Decibel, 472 
7-Dehydrocholesterol, 132 
Delay, synaptic, 799 
Dendrocoelum, osmoregulation in, 35 
photoreception in, 387 
Depth perception, 401 
Desert, water balance of mammals in, 60 
Desiccation, prevention of in insects, 56 


Desoxycorticosterone, as progestin, 746 
effect on water and salt balance, 760 
Deuteranopia, 437 
Deutocerebrum, 818 
Diabetes, effect of pituitary on, 758 
Diencephalon, functions of, 834 
Diet, restricted, 136. See also Nutrition. 
Differentiation, growth and, hormones 
and, 726-740 

Diffusion constants of oxygen, 210 
Diffusion lungs, 219 
Digestion, body region for, 147 
correlation with feeding habits, 178 
extracellular, 150 

fluids of, hydrogen ion concentration of, 
151-155 

stimulation of secretion, 155 
hormones and, 762 
intracellular, 150 
mechanical factors in, 147 
movement of food mass in, 149 
of carbohydrates, 168-176 
age and, 176 
of fats, 176-178 
of proteins, 157-168 
site of, 150 

Digestive tract. See Alimentary tract. 
Dinitrophenol, stimulation of oxygen con¬ 
sumption by, 238 
Diopter, definition, 395 
Dipeptidases, 159 

Dissociation curve, carbon dioxide, 329 
Dissociation, oxygen, 306 
Diurnal rhythms, color change and, 687 
Diving, respiratory mechanisms in, 258 
Dixippus, chromatophores in, 680 
color changes in, 692 
metamorphosis in, 734 
Dogfish, nitrogen excretion in, 197 
spinal, behavior in, 822, 823 
Dogs, olfactory sense in, 457 
spinal reflexes in, 826 
uric acid in, 205 

Donnan equilibrium in ionic regulation, 90 
Doris, osmotic adjustment in, 12, 13 
Drosophila, gene hormones in, 729 
variations in oxygen consumption in 
species of, 235 
Drugs, effects on hearts, 559 
effects on visceral muscles, 606 
Duodenum, hormones of, 762 
Dytiscus marginatus, retinal action po¬ 
tentials of, 427 

Ear, external, 473 
function of, 477 
in fish, 484 
inner, 474 
middle, 473 
morphology of, 473 
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Earthworm, brain in, 817 
calciferous glands in, 97 
chemoreception in, 450 
conditioned responses in, 844 
embryonic behavior in, 827 
epithelial sense organ of, 504 
giant fibers in, 787 
heart in, 545 

hemoglobin function in, 321 
nervous system in, 810 
nitrogen excretion in, 197 
osmoregulation in, 36 
Echinochrome, 292, 293 
Echinoderms, blood pressure in, 539, 542 
cholinergic systems in muscles in, 611, 
613 

chromatophores in, 689 
exopeptidases in, 167 
ions in body fluids in, 82 
light sensitivity in, 382 
nitrogen excretion in, 193 
osmotic adjustment in, 14 
oxygen withdrawal by, 252 
peripheral nervous system in, 809 
pH of digestive organs, 152 
protein in blood in, 104 
proteinases of, 162 
respiratory papulae in, 213 
site of digestion in, 151 
uricolytic enzymes in, 203 
Echinus esculentus, body fluids in, 91 
Echiurids, respiratory pigments in, 294 
Ecology, comparative physiology and, 3 
Eel, electric, 617, 619 
electrocardiogram in, 553, 554 
melanophores in, 710 
osmoregulation in, 50 
Eisenia, chemoreception in, 450 
embryonic behavior in, 827 
Elasmobranchs, body fluids in, 51 
digestive secretion in, 157 
ions in body fluids in, 83 
kidney in, 48, 51 
luminescence in, 665 
nitrogen excretion in, 197 
osmoregulation in, 50 
spinal reflexes in, 823 
temperature receptors in, 350 
Electric organs, 617-621 
Electrical activity of optic nerve, 428-435 
of photoreceptors, 420 
diurnal rhythms in, 427 
Electrical potential. See Potential 
Electrical stimulation of heart muscle, 565 
Electrocardiogram,; 553 
Electroencephalogram, 806, 807 
Electrophoresis, protein separation by, 103 
Ekctrophorus, electric organs of, 617, 619 
Electroplaxes, 617 
Electroretinogram, 422 
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Eledone, giant fibers in, 789 
Elements essential for growth, 94 
trace, 94 

Embryos, behavior of, 827 
hemoglobin in, 313, 320 
oxygen consumption in, 230 
Emplectonema kattdai, luminescence in, 
663 

End-plate potential, 588 
Endocrine glands, temperature regulation 
and, 369 

Endocrine mechanisms, 725-775 
general considerations, 767 
Endocrine tissues, evolution of, 769 
Endolymph, 475 

Endoparasites, anaerobiosis in, 273 
dietary factors of, 135 
Endopeptidases, 158 

Energy conversion, oxygen requirements 
and, 268 
sources of, 112 
Enterocrinin, 156 
Enterogastrone, 763 
Environment, organist/! and, 2 
Enzymes, 150,151 

digestive, correlation with food habits, 
178 

in carbohydrate digestion, 168-176 
lipolytic, 176 

of protein degradation products, 201 
proteolytic, See Proteases, 
uricolytic, distribution of, 203 
Ephemeridae, gills in, 215 
oxygen consumption in, 239, 245 
Ephestia, linoleic acid deficiency in, 133, 
134 

Epinephrine. See Adrenalin. 

Equilenin, 745 

Equilibrium, nervous control of, 831 
Equilibrium orientation in vertebrates, 520 
Equilibrium reception, 514-527 
Equilibrium receptors, types of, 514 
Equilin, 745 

Eriocheir, blood chloride in, 88 
osmoregulation in, 28 
salts in body fluids in, 85 
Erythrinus, respiration in, 256, 257 
Erythrocruorin. See Hemoglobin. 
Erythrocytes, composition of, 294 
numbers of, 293, 295 
permeability of, 109 
size of, 293, 295 
Erythrommatin, 729 
Erythrophores, 681 
control of in fish, 711 
Eserine, 558, 559 
effect on nervous systems, 794 
neuromuscular transmission and, 613 
Esophagus, 147 
Estivation, 371 
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Estradiol, 745 
structure of, 743 
Estriol, 745 
Estrogens, 745 
Estrone, 745 
Euglena, flagella in, 642 
growth in amino acids, 116 
photoreceptor in, 383, 384, 385 
Euryhuline, definition, 20 
Excretion, chloride, in crayfish, 31 
fluid, in Amoeba , 41 
in Paramecium, 43 
ionic, 92 
nitrogen, 187-208 
distribution of products, 190-200 
protein, conclusions on, 201 
salts, in marine fish, 48 
sodium chloride, in Carcinus, 26 
Exhalation, 254 
Exopeptkkses, 159 
characteristics of, 166 
distribution of, 165 
Expiration, 254 
Eye, adaptation in,,397-405 
to arrhythmic activity, 397 
to day-time activity, 397 
to media am) substrate, 402 
to night-time activity, 398 
to photic quality, 404 
to space and motion, 398 
appositional, 388, 390 
color in Drosophila, 729 
color changes and, 685 
compound, in arthropods, 387 
structure of, 387 
in molluscs, 384 
in vertebrates, 393-405 
morphology of, 393 
retina in, 395 
movements, 401 

pigment of, hormonal control of, 763 
in compound eye, diurnal movements 
of, 388 

superpositional, 388, 390. See also 
Photoreceptors. 

Eyeshine, 398 

Eyestalk, color changes and, 694 
effect on molting in crustaceans, 738 
retinal pigment hormone in, 764 

Facilitation, delayed, 801 
early, 801 
neuromuscular, 594 
synaptic, 800 

Fasciola hepatica, osmoregulation in, 18 
Fat, as dietary essential, 133 
digestion of, 176-178 
metabolism in grasshopper, hormones 
and, 759 


Fat, oxygen consumption in utilization of, 
237 

synthesis from carbohydrate, 269 
Fatty acids in diet, 133 
Feathers in temperature regulation, 367 
Feces, region of formation, 149 
Feeding and digestion, 144-186 
cilia in, 641 

habits, correlation with digestive en¬ 
zymes, 178 
mechanisms, 144-147 
Female hormones. See Estrogens. 

Female reproductive cycle, endocrine in¬ 
fluences on, 749 
Fibers, nerve. See Nerve fibers. 
Fibrinogen, serum, molecular size, 105 
Field, visual, 399 
Firefly, 664 

control of flashing in, 672 
Fish, acclimatization in, 348 
ammonotelie, 197 
anadromous, 49 
blond pressure in, 537 
carbon dioxide content of blood in, 330 
catadromous, 49 , 

chemoreception in, 456 
chromatophores in, 685, 686, 706 
color changes in, 715 
conditioned responses in, 845 
distribution of in relation to respiratory 
pigments, 315 

effect of thyroid hormone on, 759 
electric, 617 
erythrocytes in, 296 
forebrain in, 835 

fresh-water, osmoregulation in, 47 
gas bladder in, 218 
gills in, 216 
heart in, 544 

hemoglobin content in, 296, 315 
hormones and growth in, 729 
kidney in, 48 
luminescence in, 665 
marine, osmoregulation in, 48 
nitrogen excretion in, 194, 397 
osmoregulation in, 46-52 
in eggs of, 19 

oxygen consumption of, 239 
oxygen dissociation curves of, 315 
oxygen tension in relation to pH in, 249 
oxygen withdrawal by, 252 
phonoreception in, 484-488 
photosensitive pigments in,.412 
respiratory characteristics of blood, 308 
respiratory control in, 257 
responses to hydrostatic pressure, 509 
spinal reflexes in, 824 
temperature receptors in, 350 
ureotelic, 197 
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Fish, uricolytic enzymes in, 204, 205 
vibration sense in, 507 
visual field in, 402 
Flagella, 640. See also Cilia, 

Flagellates, carbon requirements in, 114 
cellulose digestion in, 172 
photoreceptors in, 383 
thiamine requirements in, 123 
Flatwomis, brain in, 816 
cholinergic neuromuscular systems in 
614 

conditioned responses in, 844 
locomotion in, 816 
nervous system in, 810 
ocelli in, 384 
osmoregulation in, 35 
Flavone glycosides, 130 
Flicker fusion frequency, 415 
explanation of, 418, 419 
Flight, in insects, orientation during, 523 
oxygen consumption during, 238 
respiration during, 261 
respiratory quotient and, 276 
Fluid(s), body, before and after dialysis 
against sea water, 90, 91 
circulation of, 531-575 
summary, 567 

distribution of pigments in, 290-293 
hydrogen ion concentration of, 80, 81 
in elasmobranchs, 51 
in Pheretim posthuma, 37 
ions in, 75 

in relation to external media, 77 
responses to alterations in medium, 
84-90 

respiratory functions of, 290-340 
coelomic, protein concentration in, 104 
digestive, hydrogen ion concentration of, 

stimulation of secretion, 155 
mechanisms for ingesting, 146 
Fluid balance, maintenance of, endocrine 
influences, 760 
Fly, olfactory pit in, 451 
Folic acid, 128 

FoHide-stimularing hormone, 741, 747, 

Food, digestion of. See Digestion. 
machve, swallowing mechanisms for, 

movement in alimentary tract, 149 
orientation to, 449 

fa, iAs 

retention in alimentary tract, 149 
soluble, absorption of, 144 
vacuoles in protozoa, 150, 155 
Forebrain, functions of, 834 
Fovea centralis, 396 
Freezing, 343 


Freezing point, measurement of, 7 
sodium chloride and, 7 
Frequency discrimination in man, 478 
Frequency, flicker fusion, 415 
Frogs, cerebellum in, 832 
cutaneous vs, pulmonary respiration in, 

212 

digestive secretion in, 156 
forebrain in, 836 

i, heart in, electrical stimulation of, 566 
kidney in, 54, 55 
mechanoreception in, 510 
muscle in, 578, 588 
muscle contractions in; 593 
muscle responses in, 596 
optic nerve fibers in, 430 
osmoregulation in, 52 
phonoreception in, 488 

respiratory control in, 257 ‘ 

temperature relations of, 351 
FSH, 741,747,750 
Fructosidase, p-, distribution of, 175 
Fructosides, 169 

fanduhs, color changes in, 707, 710 
W of, osmoregulation in, 19 
lateral line nerve responses in, 507 
osmoregulation in, 49 
xanthophores in, 711 

Fur in temperature regulation, 367, 368 

Gauctogen, 748 < 

Galactosidases, distribution of, 175 
Galactosides, 169 

Gammam, blood chloride in, 87, 88 
oxygen consumption in, 32 
Ganglia, potentials in, 797 
Gas bladder, 218 

Gases, partial pressures in dry air, 210 
Gastrin, 156, 762 
Gastrointestinal hormones, 762 
Gastrointestinal tract, muscles of, 605 
Gastropods, blood and oxygen capacity in, 

ganglionic reflexes in, 815 
nitrogen excretion in, 198 
oxygen transport in, 326 
oxygen withdrawal by, 251 
Geese, respiratory quotients of, 276 
Gelation in amoebae, 636 
Gel-sol ratio, amoeboid movement and, 636 
Gene hormones, 729 
Geotaxis, 515 
negative, 516 
positive, 515 

Giant nerve fiber systems, 786 
Gills, in crustaceans, 214 
in marine fish, 49 
respiration by, 213 
Gtrella, temperature reactions in, 350 
Globulin, serum, molecular size, 105 


Glomerulus in amphibia, 54 
in marine fish, 48 

Glucose, a and p, structure of, 168 
Glucosidase, p-, 173 
Glucosidases, distribution of, 175 
Glucosides, 169 

Glutamic acid, structural formula, 119 
Glycine, structural formula, 119 
Glycogen as energy source, 269 
digestion of, 169,173 
Glycolysis, 268 
pathway of, 270 

Glycosidases, distribution of, 174-176 
Glycosides, classification of, 169 
Goat, oxygen dissociation curves in, 320 
Goldfish, acclimatization of, 347, 348 
oxygen consumption in, 241 
spinal reflexes in, 824 
Gonadotropin, chorionic, 741 
Gonadotropins, 741 
Gonads, hormones of, 742 
Grasshopper, electrocardiogram of, 556 
fat metabolism in, hormones and, 759 
respiration in, 264 
Gravity, orientation to, 515 
receptors, 514 

Gregarines, movement in, 638 
Growth and differentiation, hormones and, 
726-740 

essential salts for, 94 
hormones and, in vertebrates, 726 
Gryllus, phonoreception in, 498 
Guanine, excretion of, 189 
Guanophores, control of, 711 
Gunda ulvae, osmoregulation in, 18 
Gustation. See Taste. 

Habitat, oxygen consumption and, 239 
Hair sensilla as phonoreceptors, 497 
Halteres, 523 

Hamsters, hibernation in, 372, 373 
Hare, varying, color changes in, 766 
Harmonics, 472 
Hearing, place theory of, 479 
range of, 478 
See also Phonoreception. 

Heart(s), ampullar, 545 
chambered, 542 

cholinergic mechanisms in regulation of, 
546,548 
cycle in, 543 

direct responses of, 559-567 
effects of drugs on, 559 
effects of salts on, 562 
lymph, 551 

muscle, effects of electrical stimulation 
on, 565 
myogenic, 546 
nervous regulation of, 557 
neurogenic, 547 


Heart, physiology of, 542-559 
pulsating vessel type, 545 
rates, 552 

slowing of, in diving, 260 
tubular, 544 
types of, 542 
Heat, adaptation to, 241 
conductivity of water, 342 
lethal effects of, 346 
production of, 241 
in homoiotherms, 370 
receptors for, 364 
Helicorubin, 294 
absorption spectrum of, 300 
Helix, electrocardiogram from, 555 
muscle action potentials from, 590 
osmoregulation in, 36 
Helminths, parasitic, osmoregulation in, 17 
Hemagglutinogens, 106 
Hematin as dietary essential, 131 
Heme, structural formula of, 297 
Hemerythrin, 291, 293, 302, 303 
absorption spectrum of, 300 
oxygen transport by, 325 
Hemicellulose, digestion of, 173 
Hemochromogens, 294 
Hemocoel, 531 

Hemocyanin, 292, 293, 303,304 
absorption spectra of, 300 
buffering capacity of, 333 
dissociation rates of, 298 
oxygen dissociation curves in Lirnlus, 
328 

oxygen transport by, 326 
Hemoglobin, absorption spectra of, 297, 
299 

chemical composition, 294 
content of blood, 295 
crystal structure of, 105 
dissociation rates of, 298 
distribution of, 290, 291 
in diving mammals, 259 
in embryos, 313, 320 
in invertebrates, 320 
molecular size of, 298 
oxygen dissociation curves of, 306 
oxygen tension and, 248 
oxygen transport by, 306-325 
sedimentation rates of, 301 
tissue, 292 

Hemolysis, time required for, 109 
Herbivores, digestive enzymes in, 179 
Hering-Breuer reflex, 254, 255 
Heterotherms, temperature relations in, 
361 

Heterotrophic organisms, 113 
Hibernation, 371 
Hippuric acid, excretion of, 189 
Hirudinea, osmoregulation in, 36 
Histidine, structural formula, 119 
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Hdocentm, erythrophores in, 711 
Holometabolous insects, 732 
Holathuria, light sensitivity in, 382 
Hmarus vulgaris, body fluids in, 91 
Horaoiosmotic animals, 14-20 
definition, 8 

Homoiotheimism, 240-244 
Homoiotherms, acclimatization in, 348 
body temperatures in, 362 
development of, 363 
lethal temperatures in, 362 
temperature relations in, 361-370 
variations in, 361 
Homostrophic reflex, 508 
Honeybee, brain in, 817 
Hormone(s), bird migration and, 766 
carbohydrate metabolism and, 757 
Cn+,730 

color changes in crustaceans and, 698 
coloration and seasonal color changes 
and, 765 

developmental, in insects, 733 
digestive, 156 

effects on water and salt balance, 760 
follicle-stimulating, 741 
gastrointestinal coordination and, 762 
GD, in insects, 733 
gene, 729 

general considerations, 767 
general maintenance and metabolism 
and, 756-761 
gonadal, 742 

growth and differentiation and, 726-740 
in color changes in fish, 709 
inhibitory, 733 
lactogenic, 748 
luteinizing, 741 

molt-inhibiting, in crustaceans, 739 
molting, 733 

P alaemonetes lightening, 698 
pigment-cell activities and, 763-766 
pituitary, affecting color changes in 
amphibians, 704 
pupation, 735 
retinal pigment, 764 
sex and reproduction and, 740-756 
specificity in, 768 
V+,-729 

Horseshoe mb. See Limulus, 

Humidity, effect on color change, 684 
effect on water balance in insects, 56, 57 
receptors in insects, 57 
sensitivity to in insects, 453 

Hydra, osmoregulation in, 35 

Hydrogen ion concentration, amoeboid 
movement and, 636 
effect on ciliary activity, 649 
effect on oxygen tension, 315 
minimum oxygen tension and, 249 
of body fluids, 80, 81 
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Hydrogen ion concentration of digestive 
fluids, 151-155 

Hydrostatic pressure, responses to, 509 
Hydroxyproline, structural formula, 119 
Hymenoptera, body temperature in, 355 
Hypermetropia, 395 
Hypertensin, 761 
Hypertensinogen, 761 
Hypertonicity, definition, 6 
Hypophysis. See Pituitary. 

Hypothalamus, effect on reproductive 
cycle, 751 
functions of, 834 
Hypotonicity, definition, 6 

Illumination, intensity of, and fre¬ 
quency of nerve impulse discharge, 432. 
See also Light. 

Image, apposition, 390, 392 
formation in compound eye, 389 
mosaic, 391 

superposition, 390, 392 
Imido-proteinase, 159 

Immunological specificity of proteins, 105 
Incus, 473 

Inhibition in nerve transmission, 803 
Inorganic ions, 75-102 
Inositol, 130 

Insects, aquatic, osmoregulation in, 33 
blood pressure in, 541 
blood proteins in, 104 
body temperature of, 353 
chemoreception in, 450 
behavior and, 452 
chemoreceptors in, 451 
cholesterol requirements in, 134 
chromatophores in, 680, 691 
digestive tract muscles in, 607 
eye in, 387, 388, 390, 391 
fat digestion in, 177 
flying, orientation in, 523 
ganglionic reflexes in, 814 
gills in, 215 

gonadotropic hormones in, 754 
heart in, 551 
heat absorption in, 356 
heraimetabolous, 732 
holometabolous, 732 
humidity sensitivity in, 453 
ionic concentration in, 77 
leg movements in, 814 
luminescence in, 663 
metabolic heat in, 355 
molt^ pupation and metamorphosis in, 

motor innervation in, 601 
nitrogen excretion in, 194, 199 
nitrogen requirements, 120 
olfaction in, 461 
osmoregulation in, 55 


Insects, oxygen consumption in, 233 
during flight, 238 
phonoreception in, 492-499 
respiration in, 264 
respiratory responses in, 266 
restricted diets in, 136 
temperature "sense” in, 357 
thermoreception in, 358 
tracheae in, 223 

tympanic organs in, function, 495 
morphology, 493 
uricolytic enzymes in, 204, 205 
vitamin requirements of, 125 
wood, nutrition of, 172 
Inspiration, 254 

Insulin, effect on carbohydrate metabolism, 
757 

growth and, 727 

Integument, as respiratory mechanism, 
211. See also 

Intensity of sound, discrimination of, 482 
Intestines, respiration through, 218 
Invertase, 174 

Invertebrates, anaerobiosis in, 273 
blood pressure in, 540 
buffering in, 333 

carbon dioxide content of blood in, 330 
cephalic dominance in, 816 
chemoreception in, 448 
ganglionic function in, 812 
gonadotropic hormonal activity in, 754 
hemoglobin function in, 320 
hormones in, growth and 729 
metabolism and, 759 
secondary and accessory sex charac¬ 
ters and, 752 
ions in body fluids in, 78 
marine, nitrogen excretion in, 191; 192 
muscles in, 583 

optic nerve discharge patterns in, 430 
pH of digestive fluids in, 154 
respiratory characteristics of blood of, 
308 

secretion of digestive fluids in, 157 
serological relations among, 107 
site of digestion in, 150 
See also Annelids, Arthropods, Coelen- 
terates, etc. 

Iodine, permeability to, in crabs, 24, 25 
Iodopsin, 395, 397, 411 
Ionic regulation, 80-84 
active absorption and, 91 
excretion and, 92 
mechanisms of, 90-94 
physical factors in, 90 
responses to alterations in medium, 

: 84-90 

summary of, 97 
Ions, inorganic, 75-102 
balance of, 94 
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Ions, inorganic, concentration in urine and 
plasma, 93 

in sea water and body fluids, 78 
iii tissues and body fluids, 75 
ratios of concentration, 82 
See also specific substances. 
Iridocytes, 681 
Iridosomes, 711 

Iris cells, primary and secondary, 388 
Iron content of hemoglobin, 296 
Isoleucine, structural formula, 118 
Isopods, oxygen consumption in, 239 
respiratory mechanisms in, 215 
water loss in, 57 
Isotonkity, definition, 6 

Jellyfish, muscle responses in, 595 
osmotic adjustment in, 14 
Johnston’s organ, 509 

Kidney, amphibian, 54 
effect on blood pressure, 761 
in birds, 58 
in crayfish, 30 
in elasmobranchs, 51 
in fresh-water fish, 47 
in marine fish, 48 
in molluscs, 36 
in vertebrates, 48 
Killifish, 49 
Kinesis, 381 
Klinokinesis, 387, 449 
Klinotaxis, 383, 385, 449 
Krause, bulbs of, 364 
Krebs cycle, 188 

Krogh’s method of measurement of os¬ 
motic pressure, 8 
Kynurenin, 730 

Labyrinth in vertebrates, 483 
functions of, 516 
osseous, 474 

Labyrinthectomy, effects of, 520 
Lactation, 748 

Lactic acid tolerance in diving mammals, 
260 

Lactogens, 748 
Lagena, 483 

Lakes, salt, osmoregulation to life in, 32 
Lateral line organs, 486,507 
Leander, giant fibers in, 788 
gonadotropic hormone in, 754 
Learning, 843, See also Conditioned re¬ 
sponses. 

Leech, chromatophores in, 688 
osmoregulation in, 36 
Leg movements in insects, 814 
Lemaecocera hranchialis, blood in, 22 
Lepidoptera, developmental hormones in, 
735 
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Lepus, color changes in, 766 
Leucine, structural formula, 118 
Leueophores, control of, 711 
Leucyipeptidase, 167 
LH, 741, 747, 750 
Lichenin, digestion of, 173 
Light, animal, intensity of, 666 
physical characteristics of, 666 
wave lengths of, 666 
cells, 383 

compass reaction, 393 
effect on color change, 684 
effect on reproductive cycles, 750 
intensity, magnitude of retinal action 
potential and, 425 
orientation to, 381 
production of. See Bioluminescence. 
protection from, color change and, 716 
reaction, dorsal, 393 
sensitivity to, 381-446 
diffuse, 381 
localized, 383 
See also Photoreception. 

Ligia, melanophore changes in, 702, 703 
Limnaea, osmoregulation in, 20, 36 
Limnophilus, larvae of, 35 
Limulus, dark adaptation in, 432 
electrocardiogram of, 556 
electroretinogram in, 422 
heart in, 544, 547 
electrical stimulation of, 566 
optic nerve fibers in, 429, 430, 431 
optic nerve impulses in, 428 
osmoregulation in, 26 
oxygen transport in, 326, 327, -328 
Linoleic acid deficiency in Ephestia, 133 
Lipases, 176 
Lipophores, 681 

Littorina , reproductive cycle in, 752 
Lizards, nitrogen excretion in, 200 
Lobster, effect of acetylcholine on heart of, 
560 

Locomotion, amoeboid, 630, 632 

ciliary, 640 

in invertebrates, reflex control of, 812 
in vertebrates, spinal reflex control of, 
821-827 

peripheral vs> central control of, 809 
Locusta migratork, color change in, 691 

Loligo, giant fibers in, 789 

oxygen consumption in, 233 
Luciferase, 667 
Luciferin, 667 

absorption spectrum of, 669, 670 
Lucilia sericata, haltere of, 524 
Lumbricus, hemoglobin function in, 321 
322 

light sensitivity in, 383 
nervous system in, 811 
osmoregulation in, 36, 37 


Lumbricus. See also Earthworm. 
Luminescence, 660-676. See also Biolumi - 
nescence. 
extracellular, 671 

Lungfish, nitrogen excretion in, 197 
Lungs, 217-222 
diffusion, 219 
in diving mammals, 259 
respiration by, 212 
ventilation, 220 
water-, 217 

Luteinizing hormone, 741, 747, 750 
Luteotiopin, 750 

Lyctidae, wood digestion in, 172 

Lymph hearts, 551 

Lysine, structural formula, 118 

Magnesium ions, effects on hearts, 564, 
565 

in sea water and body fluids, 78 
in tissues and body fluids,- 76 
ratios of concentration, 82 , 

Maja, volume changes in sea water in, 21 
Male hormones. See Aridrogens. 

Male reproductive cycle, endocrine influ¬ 
ences on, 749 
Malleus, 473 

Maltase, distribution of, 174 
Mammals, acclimatization in, 348 
blood of, reactions to carbon dioxide in, 
331 

body temperatures in, 362 
cerebellum in, 832 
chemoreception in, 457 
conditioned responses in, 846 
cortical function in, 837 
digestive secretion in, 156 
diving, duration of dives in, 258 
embryonic, oxygen consumption in, 
230 

erythrocytes in, 295 
fat digestion in, 178 
hemoglobin content in, 295 
hibernation in, 371 
hormones and growth in, 726 
kidney in, 48 
lactation in, 748 
lungs in, 220 

marine, blood and urine concentrations 
in, 62 

osmoregulation in, 60 
. neocortex in, 841 
nerve conduction in, 784 
nitrogen excretion in, 196 
nitrogen requirements of, 121 
osmoregulation in, 58-62 
pH of digestive fluids in, 154 
phonoreception in, 491 
respiratory characteristics of blood of 
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Mammals, respiratory control in, 257 
seasonal color change in, 766 
skeletal muscle of, nerve endings in, 505 
small, oxygen consumption of, 226, 227 
spinal reflexes in, 826 
temperature regulation in, physical 
mechanisms in, 366 
urea excretion in, 198 
uricolytic enzymes in, 204, 205 
Man, amino acid requirements for, 121 
carbon dioxide combining power in, 
329, 330 

electrocardiograms in, 553 
essential amino acids for, 117 
eye in, 393 

olfaction in, 454, 459 
phonoreception in, 473-483 
range, 478 

requirement of linoleic acid in, 134 
spinal reflexes in, 826 
taste sense in, 455 
thennoreception in, 364 
See also Mammals, 

Mantis, praying, blain in, 820 
Mating, color change and, 716 
luminescence and, 673 
Mechanoreception, 502-514 
Mechanoreceptors, adaptation of, 510 
histological types, 503 
Medulla oblongata, functions of, 830 
Melanin as retinal pigment, 764 
Melanophores, 681. See also C hromato- 
phores, 
in fish, 706 
in reptiles, 712 

Mehnotus, oxygen consumption in, 243 
Membrane, basilar, 475 
cell, electrical phases of, 778 
permeability in Protozoa, 39. See also 
Permeability. 

Reissner’s, 475 
tympanic,' 473 

Mesidotea, blood chloride in, 86, 87 
osmoregulation in, 26 
Mesotrophic organisms, 113 
Metabolism, adaptations in, 268-277 
and respiration, 209-289 
basal, in arthropods, hormones and, 759 
in temperature regulation, 369 
intermediary, hormones and, 756 
See also Oxygen consumption . 
Metaehronism of cilia, 646 
Metamorphosis in amphibians, hormones 
and, 728 
in insects, 732 
Metatrophic organisms, 113 
Methemoglobin, absorption spectra of, 298, 
299 

Methionine, structural formula, 119 
Microphonic effect of cochlea, 477 


Midbrain, functions of, 833 
Migration, 371 
hormones and, 766 
Modiolus, 475 

Molds, thiamine requirements in, 123 
Molgttla, osmotic adjustment in, 14 
Molluscs, anaetobiosis in, 273 
blood pressure in, 539 
blood protein in, 104 
chemoreception in, 449 
cholinergic systems in muscles in, 610 
conditioned responses in, 844 
exopeptidases in, 166 
fat digestion in, 177 
lresh-water osmoregulation in, 35 
function of shell in, 97 
ganglionic reflexes in, 815 
giant fibers in, 788 
heart in, 544,546 
ions in body fluids in, 82 
light sensitivity in, 383 
luminescence in, 664 
nerve conduction in, 784,785 
nervous regulation of heart in, 558 
nervous system in, 812 
neuromuscular transmission in, 613 
nitrogen excretion in, 191,193 
osmotic adjustment in, 12 
oxygen transport in, 326 
pH of digestive organs, 152 
photoreception in, 383,384 
proteinases of, 160 
respiratory control in, 263 
respiratory mechanisms in, 214 
respiratory responses in, 265 
site of digestion in, 151 
uricolytic enzymes in, 203, 204, 205 
Molpadin, 293 
absorption spectrum of, 300 
Molt in crustaceans, 737 
in insects, 732 

seasonal, hormonal control, 765 
Monas, flagellum in, 644, 645 
Mosaic image, 391 

Mosquito, larvae of, ionic concentration 
in, 88 

osmoregulation in, 33 
Mouse, oxygen consumption of, 227, 248 
Mouth, 147 

Movement, amoeboid, 630-639. See also 
Amoeboid movement. 
ciliary, 640-653 
characteristics of, 643 
theories of, 650 
in gregarines, 638 
perception of, 402 
Mucus, as feeding mechanism, 145 
Muscarine, 561 
Muscle(s), 576-629 
cholinergic systems in, 608 
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Muscle(s), classification of, 576 
conduction in, 584, 587 
contraction time, 584, 586 
electron microscopy of, 577 
fast and slow responses in, 597 
fibers, types of, 581, 582 
frequency of stimulation of, 592 
gross functions of, 576 
heart, effects of electrical stimulation 
on, 565 

hemoglobin in, 292 
histological types, 580 
inhibition in action of, 805 
innervation, multiple, 595 
inhibition by, 597 
iterative, 592 

microscopic histology of, 578 
non-iterative, 592 
origin of cardiac beat in, 546 
phosphagens of, distribution of, 615 
propulsion of food by, 149 
red, 582 

relaxation rates of, 584, 586, 601 
repetitive excitation in, 592 
rhythmic activity in, 605 
sense receptors, adaptation in, 512 
smooth, conduction in, 590 
striations in, 578 
summary, 621 
time constants of, 584,586 
time relations of, 577 

histological correlations, 577 
tonus of, 601 

transmission of impulse to, chemical 
agents in, 608-614 
use of in feeding, 145 
visceral, effect of drugs on, 606 
viscosity of, 602 
white, 582 

Mussel, electrocardiogram from, 555. See 

also Mytilus, 

Mya, motor innervation in, 601 
photoreception in, 406 
Myelination of nerve fibers, speed of con¬ 
duction and, 785 
Myoglobin, 292 
absorption spectra, of, 298 
Myopia, 395 
Myosin, 578 

Myoxocephahis, chloride excretion in, 94 
Mytilus, blood chloride in, 88 
dliitm in, 644 
muscle relaxation in, 603 
osmotic adjustment in, 12, 13 

Naphthoquinone, methyl phytyl, 132 
Neanthes virens, osmotic regulation in, 17 
Necturus, kidney in, 54 
Nematocyte, 656 
Nematocysts, 655-658 




Nemertea, oxygen supply of, 211 
Neocortex, 835 

Neoechinorhynchus imydis, osmoregula¬ 
tion in, 18 

Nephridia in earthworm, 37 
Nephron, vertebrate, schematic representa¬ 
tion, 48 

Nereis , brain in, 817 
osmoregulation in, 14,15, 16,17, 18 
peristaltic locomotion in, 813 
Nereis cultrifera, osmotic adjustment in, 12 
Nereis diversicolor, hemoglobin function 
in, 322 

Nereis pelagica, osmotic adjustment in, 12 
Nerophis, osmoregulation in embryo of, 19 
Nerve(s), control of respiration by, 254 
control of thermostimulation by, 365 
motor, muscular conduction and, 587 
optic. See Optic nerve, 
regulation of hearts by, 557 
stimulation of secretion of fluids by, 156 
transmission of hearing impulse by, 480 
transmission to muscle, chemical agents 
in, 608, 614 

Nerve action potentials, ionic basis of, 780 
Nerve centers, "spontaneous" activity of, 
805 

asynchronous, 806 
synchronous, 807 

Nerve fibers, diameter of, speed and, 782 
electrical phases in, 778 
giant, 786 

length of, speed and, 782 
myelotr'opic, 785 
nodes in, 786 

sheath of, speed and, 784, 785 
speed of conduction in, 782 
Nerve impulse, auditory, 477 
_ nature of, 777-781 
in photoreception, 428 
Nerve nets, 808 

Nervous conduction, interneuronic trans¬ 
mission in, 789 
Nervous systems, 776-862 
conduction in, 777-808 
speed of, 782 
development of, 848 
endocrine activity of, 768 
peripheral vs. central, 809 
persistent phenomena in, 841-847 
rhythmic activity in, 806, 807 
summary,of, 847 

Nervous tissue, acetylcholine and cholin¬ 
esterase content, 792 
Nets, nerve, 808 
Neuromuscular facilitation, 594 
Neuromuscular junctions, 587 
Neuromuscular transmission, chemical 
agents in, 608-614 
Neurones, contiguity between, 789 






Neurones, sensory, 454, 455 
soma of, responses in, 798 
transmission between, 789 
polarity in, 790 
Neurosecretory cells, 768 
Niacin, requirements of, 126 
Nicotine, action of on heart, 561 
Nicotinic acid. See Niacin, 

Nitrogen, content of, in relation to metab¬ 
olic rate, 229 
excretion of, 187-208 
distribution of products, 190-200 
protein, conclusions on, 201 
requirements of, 115-122 
sources of, 113 

Nitrogenous products, chemical nature of, 
187-190 
Noctiluca, 10 
bioluminescence in, 661 
Nocturnal activity, eye adaptation to, 398 
Nucleic acid metabolism, products of, 189, 
203 

Nutrition, 112-143 
oxygen consumption and, 236 
specific factors in, 422-136 
summary of, 136 
unknown factors in, 135 
Nymphs, metamorphosis of, 732 
Nystagmus, 522 

Ocean, salinity of, 9. See also Sea water, 
Ocelli in arthropods, 391 
in flagellates, 383 
Octopine, 617 

Octopus, electrocardiogram in, 554 
Oculomotor nucleus, facilitation in, 801 
Odonata, gills in, 215 
Odor, chemical structure and, 466 
classification of, 460 
receptors for. See Olfaction and Chemo- 
receptors. 

Olfaction, receptors for, 451, 453, 459 
activation of, 465 
in insects, 450 
sensitivity of, 457 
thresholds of, 458 
See also Ckemorecevtion. 

Oligochaeta, osmoregulation in, 36 
Ommatidia, 763, 764 
in compound eye, 387, 389, 390 
Onchidim, osmotic adjustment in, 12,13 
Opalinidae, water entrance in, 43 
Ophiuroidea, luminescence in, 664 
Ophryoscolecidae, water intake in, 44 
Opossum, body temperature in, 363, 364 
Optic nerve activity, retinal activity and, 
433 

discharge, measurement of visual 
functions by, 431 


Optic nerve, electrical activity of, 428-435 
Orange, transient, 411 
Organ of Corti, 475 

Orientation, equilibrium,invertebrates, 520 
in flying insects, 523 
photoreceptors and, 381-405 
in arthropods, 393 
to gravity, 515 
Ornithine cycle, 188 
phylogeny of, 201 

Ornithorhynchus, motor cortex in, 837 
Ornithinic acid, excretion of, 189 
Orthokinesis, 449 

Orthoptera, phonoreception in, 498, 499 
Osmoregulation, 8, 14-20 
by exclusion of water, 19 
by storage of water, 18 
in Crustacea, 20-33 
in fish, 46-52 
in land arthropods, 55 
in reptiles, birds, and mammals, 58-62 
simple types, 14 
summary of conclusions, 62-66 
Osmotic behavior, nitrogen excretion in 
relation to, 201 

Osmotic characteristics of various animals, 
63 

Osmotic concentration, adjustment to me¬ 
dium, 10-14 

with volume regulation, 13 
without volume regulation, 10 
of cytoplasm of Protoza, 39 
regulation to medium, 14-20 
water content of tissues and, 8 
Osmotic pressure, definition, 6 
methods of measuring, 8 
Osmotic regulation. See Osmoregulation. 
Ossicles, Weberian, 486 
Ostariophysina, phonoreception in, 486 
Osteichthyes, respiratory responses in, 266 
Ovary, androgen production by, 744 
effect of gonadotropins on, 741 
estrogen production by, 745 
Ovulation, gonadotropins and, 741 
Oxidation, sources of, 268 
Oxygen, availability of, effects of, 209 
capacity, 306 
altitude and, 316 
consumption, activity and, 237 
age and, 228 
ciliary activity and, 651 
dependence on oxygen tension, 244 
determination of, 224 
habitat and, 239 
in Gammarus, 32 
in hibernation, 372 
levels of, 223-244 
nutrition and, 236 
relation to oxygen tension, 244-254 
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Oxygen consumption, season and, 240 
sex and, 235 
size and, 225 
species and, 235 
temperature and, 240 
debt, 274 

deficiency. See Anaerobiosis, 
diffusion as means of supply of, 211 
diffusion constants of, 210 
dissociation curve, 306 
altitude and, 313 
effect of carbon dioxide on, 311, 
313,314, 315 

effect of temperature changes on, 
312 

in embryos, 313, 320 
in relation to distribution of am¬ 
phibians and fishes, 314 
rates, 297, 298 

exchange in vertebrates, 212, See also 
Respiration, 

lack, adaptation to, 252 
requirements of, energy conversion and, 
268 

saturation, critical oxygen tension and, 
250 

solubility in biological fluids, 210 
storage in diving mammals, 259 
supply, low, adaptation to, 252 
tension, blood pigments and, 247 
critical, 246 
size and age and, 250 
tissue oxygen saturation and, 250 
for half saturation, effect of COa on, 
315 

minimum, pH and, 249 
relation to oxygen consumption, 244- 
254 

respiratory, quotient and, 275 
temperature and, 248, 317, 318, 319 
transport by blood pigments, 306-329 
by hemoglobin, 306 
hemerythrins in, 325 
in invertebrates, 320 
utilization in anaerobiosis, 272 
want, respiratory responses to, 265 
withdrawal, 250 

Oxyhemoglobin, absorption spectra of, 
298, 299 

Oyster, respiratory control in, 263 

Pacemakers, cardiac, 545 
Pacinian corpuscles, adaptation in, 511 
Pain impulses, 513 

Palaemonetes, chromatophores in, 679 
color changes in, 697, 698 
Paleocortex, 835 
Pancreozymin, 762 
Panting, 367 
Pantothenic acid, 127 


Papillae, anal, in mosquito, 33, 34 
tongue, in man, 455 
Para-aminobenzoic acid, 130 
Parallax, 401 

Paramecium, chemoreception in, 448 
cilium in, 642, 643 
contractile vacuole in, 44 
oxygen deficiency and, 253 
trichocysts in, 655 
vacuolar excretion of fluid in, 43 
Paramyosin, 578 

Parasites, intestinal, osmoregulation in, 17 
Parathyroid glands, effect on calcium and 
phosphate balance, 760 
Particles, food, large, mechanisms for 
dealing with, 146 

small, mechanisms for dealing with, 
145 

Pattern vision, localized photoreceptors 
and, 387 

Pecten, adductor muscle in, 604 
optic nerve fibers in, 431 
Pectin, digestion of, 173 
Pelecypoda, oxygen withdrawal by, 251 
Pellagra, 127 
Pepsin, 158 
distribution of, 165 
Peptidase, See Exopeptidases. 

Perception, depth and solidity, 401 
movement, 402 

Perch, swim bladder in, 218, 220 
Perilymph, 475 

Peripheral control of locomotion, 809 
Peristalsis in annelids, 813 
Periwinkle, reproductive cycle in, 752 
Permeability, in Protozoa, 39 
of erythrocytes, 109 
to water and salts, in rock crabs, 24 
Peritricha, fresh-water, water uptake in, 
44 

marine, osmoregulation in, 42 
pH. See Hydrogen ion concentration, 
Phaeommatin, 729 

Phascolosoma, osmotic adjustment in, 11 
salt regulation in, 89 
Phengodes, luminescence in, 664, 665 
Phenylalanine, structural formula, 118 
Pheretima posthuma, composition of body 
fluids, 37 

Phonoreception, 471-501 
in amphibia, 487 
in arthropods, 492-499 
in birds, 490 
in fish, 484 
in insects, 492 
in mammals, 491 
in man, 473-483 
functional aspects, 477 
in reptiles, 489 
in vertebrates, 483 
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Phonoreception, problems of, 473 
transmission in nervous system, 480 
Phospuagens, muscle, distribution of, 614 
Pluisphoarginine, distribution of, 615 
structural formula, 616 
Phosphocreatine, distribution of, 615 
structural formula, 616 
Phosphorolysis, 757 

Photochemical effect, illuminating intensi¬ 
ty and, 407 

Photochemical nature of photoreception, 
405 

Photochemical reaction, reactions follow¬ 
ing, 408 

of photoreception, 440 
temperature coefficient, 406 
Photoreception, 381-446. See also Vision. 
carotenoids in, 408 
measurement of functions of, 414 
nonphotochemical theories of, 418 
photochemical nature of, 405 
physiology of, 405-440 
summary of, 439 

Photoreceptors, electrical activity of, 420 
localized, 383 ' 

Function in orientation, 385 
morphology, 383 
pattern vision and, 387 
See also Eye. 

Photosensitivity. See Light sensitivity, 
Phototrophic organisms, 113 
Phototropism, 381 
Phrixothrix, luminescence in, 664 
Pkrynosamn, color changes in, 713 
Phylogeny, comparative physiology and, 3 
Physiology, fields of, 1 
Physostigmine. See Eserine. 
Phytomonadida, photoreceptors in, 383 
Piercing and sucking mechanisms, 147 
Pieris brassicae, chromatophores in, 691 
Pigeon, lungs and air sacs of, 221 
Pigments, absorption spectra of, 299 
as blood proteins, 334 
blood, oxygen tension and, 247 
carotenoid, in vision, 408 
chemistry of, 294-306 
dissociation rates of, 297, 298 
distribution of, 290, 293 
in worms, 294 

eye, in compound eye, diurnal move¬ 
ments of, 388 
in Drosophila, 730 
in chromatophores, 678, 680 
in annelids, 688 
in Dixippus, 692 
light sensitivity and, 382 
molecular weights of, 301 
nitrogenous, excretion of, 190 
oxygen transport by, 306-329 
photosensitive, chemical evolution of, 412 


Pigments, retinal, hormonal control of, 763 
sedimentation rates of, 301 
Pilocarpine, action of, 561 
Pinna, 473 

Pinnaglobin, 292, 293 
Pituitary gland, active principle of, effect 
on amphibia, 53 

anterior, adrenotropic principle, 758 
bird migration and, 767 
diabetogenic principle, 758 
effect on carbohydrate metabolism, 
758 

gonadotropins in, 741 
growth and, 726 
thyrotropic principle, 758 
control of color changes in reptiles, 
712 

control of reproductive cycles by, 
748 

effect on color changes in amphibians, 
704 

in fish, 709 

posterior, effect on water balance, 761 
Placenta, estrogen in, 745 
progestin production by, 746 
Placobdellu parasitica, chromatophores in, 
688 

Planaria, dietary factors of, 135 
osmoregulation in, 35 
photoreception in, 386, 387 
Plunorbis, hemoglobin function in, 324 
Plasma, concentration of ions in, 93 
Plasmagel in amoeba, 632 
Plasmalemma in amoeba, 632 
Plasmalenmia in amoeba, 632 
Plastron, 223 

Platyhelnunths, oxygen supply of, 211 
Platysamia, metamorphosis in, 735 
PLH, 698 

Plumage, hormonal control of, 765 
Poikilosmotic animals, 10-14 
definition, 8 

Poikilothermism, 240-244 
Poikilotherms, acclimatization in, 348 
aquatic, body temperature of, 349 
thermal reception and orientation in, 
350 

inhabiting dry air, 353 
inhabiting moist air, body temperature 
of, 351 

lethal temperatures of, 344 
temperature relations in, 349-361 
Polarity in synaptic transmission, 790 
Polychaetes, gills in, 213 
respiratory pigments in, 294 
ventilation in, 262 

Polypus, digestion of gelatin by, 164 
Polysaccharides, 169 
digestion of, 173 
distribution of, 170 
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Porifera, cholinergic systems in muscles 
in, 6U 

oxygen supply of, 211 
oxygen withdrawal by, 251 
See also Sponges. 

Porphyropsin, phylogenetic origin of, 412 
Porpoise, respiration in, 260 
Posture, nervous control of, 831, 832 
Potassium, effect on visceral muscles, 606 
in synaptic transmission, 795 
ions, effects on hearts, 562, 563 
in sea water and body fluids, 78 
in tissues and body fluids, 76 
ratios of concentration, 82 
nerve conduction and, 780 
Potential, action, nerve, 777 
end-plate, 588 
ganglionic, 797 
synaptic, 797 

Praying mantis, brain in, 820 
Precipitins, immune, 107 
Pregnanediol, 747 
Presbyopia, 395 

Pressure, blood, measurement and regula¬ 
tion of, 534. See also Blood pressure, 
hydrostatic, effects on various gel sys¬ 
tems, 635 
responses to, 509 
osmotic, See Osmotic pressure. 
oxygen. See Oxygen tension, 
partial, of gases in dry air, 210 
Prey, mechanisms for seizing, 146 
Primates, cortical localization in, 838 
Prochordates, proteinases in, 162 
Progesterone, structure of, 743 
Progestins, 746 
Prolactin, 748 

Proline, structural formula, 119 
Proprioceptors, 503 
Protanopia, 437 
Proteases, classification of, 157 
Protein(s), blood, pigments as, 334 
degradation of, compared with purine 
breakdown, 202 
products, enzymes of, 201 
types of, 187 
digestion of, 157-168 
electrophoretic separation of, 103 
immunological specificity of, 105 
in blood, 103, 104 
size of, 105 
in hemoglobin, 297 
metabolism of, distribution of excretory 
products, 190-200 

oxygen consumption in utilization of 
237 

sedimentation of, 105 
specificity, 103-111 
Proteinases, characteristics of, 160-163 
distribution of, 163 


Proteinases, See also Protease, 
Prothrombin, vitamin K and, 133 
Protocerebrum, 818 
Protoptems annectens, lungs of, 219 
Protozoa, adaptation to marine, fresh-water 
and parasitic life, 38-46 
anaerobiosis in, 273 
avenues of water entrance in, 43 
bioluminescence in, 661 
carbon and nitrogen requirements in, 
113 

carbon requiremerits in, 114 
chemoreception in, 448 
conditional responses in, 843 
contractile vacuoles of, 38 
efficiency of, 46 
function of, 40 
mechanism of filling, 44 
essential elements for, 94 
exopeptidases in, 166 
fat digestion in, 177 
membrane permeability in, 39 
nitrogen excretion in, 191,192 
osmotic adjustment in, 10 
osmotic concentration of cytoplasm of, 
39 

oxygen supply of, 211 
pH of digestive organs, 152 
pH of food vacuoles in, 155 
photoreceptors in, 383 
proteinases of, 160 
site of digestion in, 150 
thiamine requirements, 123 
trichocysts in, 654 
Pseudocoelom, 531 

Pseudopodia, as feeding mechanism, 145 
types of, 630, 631 

Psychic stimuli, effect on color change, 
684 

Pterines, excretion of, 190 
Pteroylglutamic acid, 128 
Puffer fish, oxygen withdrawal By, 252, 
253 

respiration in, 261 

Pugettia, oxygen consumption and body 
weight of, 228 
Pupation in insects, 735 
Purines, breakdown of, 190 
excretion of in various animals, 192-196 
in diet, 130 

metabolism of, compared with protein 
breakdown, 202 

distribution of enzymes and products 
of, 203 

evolutionary trends in, 205 
products, excretion of, 189 
Purkinje tissue, 546 
Pyridoxal, 127 
Pyridoxamine, 127 
Pyridoxine, 127 
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Pyrimidines, excretion of, 190 
in diet, 130 
requirements for, 123 
Pyrophorus, luminescence in, 664 
Pyrosoma, luminescence in, 665 
Pyruvic acid, oxidation of, 269, 271 


Q», 342 

Quotient, respiratory, 274 

Radiation, absorption of heat from, 356^ 
Raja cluvata, equilibrium reception in, 517 
Rana. See also Frogs, 

Rana fusca, cutaneous vs. pulmonary res¬ 
piration in, 212 

Rana esculenta, cutaneous vs. pulmonary 
respiration in, 212 
Raws temporaria, respiration in, 213 
Rat, essential amino acids for, 117 

muscular action potentials from, 591 
oxygen consumption of, 227 
phonoreception to, 491 
Ratio, U/P, 697 \ 

Reception of food, 147 
Reciprocity law, 406 

determined from electrical measure 
rnents, 425 

in measurement of visual functions, 
431 

Red blood cells. See Erythrocytes. 
Reflexes, conditioning of, 846 
ganglionic, in invertebrates, 812 
Refractory period in synaptic transmission, 
'800 

Regulation, ionic, 80-84 
mechanisms of, 90-94 
responses to alterations in medium, 
84-90 

See also Ionic regulation, 
osmotic, 8,14-20. See also Osmoregula¬ 
tion, 

Reissner's membrane, 475 
Relaxation of muscle, 601 
Relaxin, 748 
Renin, 761 
Rennin, 163 

Reproduction, hormones and, 740-756 
Reproductive cycles, control of, 748 
factors influencing, 750 
Reptiles, body temperature of, 358 
erythrocytes in, 295 
forebrain in, 836 
hemoglobin content in, 295 
kidney in, 48 
melanophores in, 712 
nitrogen excretion in, 195 
osmoregulation in, 58 
phonoreception in, 489 


Reptiles, respiratory characteristics of blood 
of, 307 

respiratory control in, 257 
respiratory responses in, 266 
uricolytic enzymes in, 204, 205 
Respiration and metabolism, 209-289 
summary of, 277 

control of, in diving birds and mammals, 
258 

in molluscs, 263 
cutaneous, 211 
flight and, 261, 262 
gills in, 213 
in insects, 264 
in polychaetes, 262 
in Tubifex, 262 
lungs in, 212, 217 
nervous control of, 830 
pulmonary, 212 
regulation of, 254-268 
skin in, 211 
temperature and, 261 
tracheae in, 222 

types of mechanisms for, 211-223 
See also Oxygen consumption, 
Respiratory center, organization of, 830 
Respiratory quotient, 274 
factors affecting, 275 
Respirometers, 224 
Response, conditioned, 842 
neural basis for, 843 
Retina, action potential of, 421 

effect of temperature on, 423 
activity of, optic nerve activity and, 423 
electrical activity in, 420 
in color vision, 438 
in compound eye, 387 
pigment of, hormonal control, 763 
vertebrate, structure of, 395 
Retinenei, 410 

Rhabdom in compound eye, 387 
Rheotaxis, 508 

Rhodnius, developmental hormones in, hi 
experimental parabiosis and telobiosis in, 
734 

Rhodopsin, 395, 397, 410, 411 
phylogenetic origin of, 412 
Rhythm, cardiac, 545 
diurnal, color change and, 687 
in nervous systems, 806, 807 
muscular, 605 

Riboflavin, requirements of, 124 
Rodents, water balance in, 59 
Rondeletia, luminescence in, 662 
Rotatoria, oxygen supply of, 211 
RPH, 764 

R.Q. See Respiratory quotient, 

Ruffini organs, 364 . 

Ruminants, cellulose digestion in, 172 
Rutin, 130 
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Sabella pavonia, oxygen consumption by, 
322, 326 
Saccharase, 174 
Sacculus, 475 
Salamanders, gills in, 216 
Salmon, blood concentration in, 49 
Salt balance, maintenance of, endocrine 
influences, 760 

Salt lakes, osmoregulation to life in, 32 
Salt water. See Sea water. 

Salts, effects on hearts, 562. See also Ions 
and Sodium, 

Saturation, oxygen, 310 

critical oxygen tension and, 250 
effect of COs on, 315 
Schiff-Sherrington phenomenon, 826 
Schistocephalus, osmoregulation in, 18 
Schistocerca gregaria, respiration during 
flight, 262 

Scolopidium, 493, 494, 495 
Scolytidae, wood digestion in, 172 
Scraping mechanisms for feeding, 146 
Sea water, carbon dioxide content, 330 
concentration of ions in, 78 
copper content of, 304 
crabs in, 21 

hydrogen ion concentration of, 80 
fish in, osmoregulation of, 48 
mammals in, osmoregulation in, 60 
osmotic adjustment to, 10 
salinity of, 9 

Seal, osmoregulation in, 61, 62 
respiratory mechanisms in, 259 
Seasons, oxygen consumption and, 240 
Secretin, 156, 762 

Secretion of digestive fluids, stimulation 
of, 155 

oxidative, in filling of contractile vacu¬ 
ole, 45 

Sedimentation of proteins, 105 
Seizure of prey, mechanisms for, 146 
Semicircular canals, 517 
Sensilla basiconica, 451 
campaniform, 506 
adaptation in, 512 
coeloconica, 451 
hair, as phonoreceptors, 497 
placodea, 451 

Sensitivity, spectral, electrical measure¬ 
ment of, 422 
' measurement of, 431 
to light, 381-446. See also Photoreccp- 
tion, 

Sepia, eye in, 384 
giant fibers in, 789 
Sergestes, luminescence in, 662 
Serine, structural fornrula, 

Serological relationships of various ani¬ 
mals, 105 

Serum protein. See Blood protein. 


Setae, as feeding mechanism, 146 
Sex, hormones and, 740-756 
oxygen consumption and, 235 
Sheep, embryonic behavior in, 828 
Shivering, 368 

Shrew, oxygen consumption of, 226, 227 
Shrimps, brine, osmoregulation in, 32 
gonadotropic hormone in, 754 
luminescence in, 662, 663 
Sigura lugubris, osmoregulation in, 33 
Silkworm, developmental hormone in, 735 
Smocephalus, oxygen consumption in, 
233 

Sinus gland in crustaceans, as source of 
chromatophorotropins, 696 
effect on molting, 739 
gonadotropic hormone in, 754 
retinal pigment hormone in, 764 
Sipunculids, blood pressure in, 540, 542 
cholinergic systems in muscles in, 612 
ions in body fluids in, 82 
nitrogen excretion in, 192 
protein in body fluids in, 104 
respiratory pigments>n, 294 
uricolytic enzymes/in, 203 
Sipunculus, osmotic adjustment in, 12 
oxygen transport in, 325 
Size, critical oxygen tension and, 250 
oxygen consumption and, 225 
Skate, equilibrium reception in, 517 
Skin, as respiratory mechanism, 211 
thermal receptors in, 364 
Smell. See Odor and Olfaction, 

Snail, digestive secretion in, 157 
hemoglobin function in, 324 
muscle tension in, 602 
osmoregulation in, 36 
uric acid in nephridiiim of, 198, 199 
Snakes, nitrogen excretion in, 200 
phonoreception in, 489 
Sodium ions, effects on hearts, 562, 563 
in sea water and body fluids, 78 
in tissues and body fluids, 76 
ratios of concentration, 82 
Solation in amoebae, 636 
Solidity perception, 401 
Solubility of oxygen in biological fluids, 
210 

Solutions, physiological, for different spe¬ 
cies, 95 

properties of, 7 

Soma, neuronic, responses of, 798 
Sound discrimination in insects, 496 
intensity of, discrimination of, 482 
localization of, 482 
in insects, 497 
waves, 471 

See also Phonoreception. 

Spawning, gonadotropins and, 742 
Species, oxygen consumption and, 235 
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Specificity, enzyme, 170 
protein, 103-111 
immunological, 105 
Spectacles, 404 

Spectrum sensitivity, electrical measure¬ 
ment of, 422 

measurement of visual function and, 
431 

Spiders, ocelli in, 391 
phonoreception in, 499 
Spinal cord, control of locomotion by, 823 
organization of, 821 
reflexes, conditioning of, 846 
Spirocysts, 656 
Spirostomum, 44 
Sponges, chemoreception in, 449 
conduction in, 7V 
fresh-water, osmoregulation in, 35 
See also Porifera. 

Spongilla, osmoregulation in, 35 
Squid, muscle contraction in, 593 
oxygen consumption in, 233 
photosensitive pigment in, 410 
Stapes, 473 \ 

Starch, digestion of, \69, 170, 173 
Starfish, digestion of gelatin by, 164 
peripheral nervous system in, 809 
Statocyst, 512 
Statolith, 514 
Stemmata, 391 
Stenohaline, definition, 20 
Stereotaxis, 507 

Sterols, in various animals, 134 
Stigma in flagellates, 383 
Stimulation, tactile, effect on color change, 
684 

thermal, 364 

Stimulus, conditioned, 842 
unconditioned, 842 
Stomach,'contents of, pH of, 154 
hormones of, 762 
Storage of food, 147 

Streaming, protoplasmic, 630. See also 
Amoeboid movement. 

Style, amylase in, 171 
Submergence. See Diving. 

Sucking mechanisms, 147 
Sucrose, structure of, 168 
Sugar utilization in flagellates, 114 
Sugars. See Carbohydrates and under 
specific compounds. 

Sulfate ions in sea water and body fluids, 
78 

in tissues and body fluids, 76 
ratios of concentration, 82 
Summation, muscular, 592 
Surface tension, amoeboid movement and, 
634 

Sweating, 367 
Swim bladder, 218 


Sympathin, 537, 557 
Synapses, 789 
delay at, 799 
facilitation in, 800 
integrative, 847 
mode of transmission in, 791 
potential in, 797 
refractory period at, 800 
relay, 847 

Synchronization of nerve activity, 807 
Syncytium, giant fibers in, 787 

Tactile receptors, adaptation in, 510 
types of, 503 
sense, 509 

stimulation, effect on color change, 684 
Talorchestia, oxygen consumption in, 243 
Tapeworms, dietary factors of, 135 
Taste, classification of, 462 
receptors for, 461, 462 
activation of, 467 
sensitivity of, 458 
See also Chemoreception 
thresholds of, 459 
Taxis, 381 

Taxonomy, stereochemical basis for, 109 
Tectum, 833 
Tegmentum, 833 

Telencephalon, functions of, 834 
Telotaxis, 393 

Telphusa fluviatilis, osmoregulation in, 29 
Temperature, adaptation to, 346 
changes in, adaptation to, 240-244 
effect on oxygen dissociation curve, 
312 

characteristics, 342 

coefficient of photochemical reactions, 
406 

effect on ciliary activity, 649 
effect on color change, 684 
effect on reproductive cycles, 751 
effect on retinal action potential, 423 
high, lethal effects of, 346 
low, 343 

metabolic response to, 369 
metabolic aspects and perception, 341- 
380 

summary of, 373 
oxygen consumption and, 240 
oxygen tension and, 317, 318, 319 
oxygen tension and consumption and, 
248 

reception. See Thermoreception. 
regulation of, chemical mechanisms of, 
369 

color change and, 716 
development of in homoiotherras, 363 
physical mechanisms of, 366 
relations in poiltilotherms, 349-361 
respiration and, 261 
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Temperature, respiratory quotient and, 276 
"sense" in insects, 357 
Tenebrio, linoleic acid synthesis in, 134 
stereotropic orientation in, 508 
Tension of saturation, 310 
oxygen, 244-254. See also Oxygen 
tension, 

receptors, adaptation in, 512 
surface, amoeboid movement and, 634 
Tentacles as feeding mechanism, 145 
Termites, digestion in, 172 
Testis, effect of gonadotropins on, 741 
estrogen production by, 746 
hormones of, 743 
Testosterone, structure of, 743 
Tetrahymena , dietary factors of, 135 
essential amino acids for, 117 
substances needed for growth, 120 
Thalamus, functions of, 834 
Thermoreception in aquatic poikilotherms, 
350 

in insects, 358 
in man, 364 

in poikilotherms inhabiting moist air, 
353 

in reptiles, 360 

Thermoregulation. See Temperature regu¬ 
lation, 

Thiamine, requirements for, 122 
Thiazole, requirements for, 123 
Thigmotaxis, 507 

Threonine, structural formula, 118 
Thresholds, sensory, 458 
Thyroid gland, effect on metabolism, 238, 
758 

growth and, 727 
in amphibians, 728 
Thyroxin, effect on amphibians, 728 
Tissues, body, ions in, 75 
soft, mechanisms for ingesting, 146 
Tocopherol, 132 
Tonus, muscle, 601 
Torpedo, electric organs of, 617, 619 
Touch, receptors of, 503 
adaptation in, 510 
sense of, 509 
Trace elements, 94 
Tracheae, 222 
respiratory control and, 267 
Tracheole, 222 

Transmission, interneuronic, 789 
after-discharge in, 805 
inhibition in, 803 
synaptic, 791 
acetylcholine and, 791 
delay in, 799 
electric current in, 796 
ionic changes in, 795 
refractory period in, 800 
Transport in fluid-filled body spaces, 531 
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Transport, intracellular, 531 
mechanisms, extra-organismic, 531 
morphological types of, 531 
Tricarboxylic acid cycle, 269, 271 
Trichocysts, *654 
Trichoptera, gills in, 215 
Trichosurus, motor cortex in, 837 
Tritoeerebrum, 818 

Trimethylamine oxide, excretion of, 189 
in fish, 197 
Tritanopia, 437 
Trituration, 147 
Tropism, 381 
Tropotaxis, 386, 449 
Trout, dietary factors of, 135 
phonoreception in, 485 
Trypsin, 158 
distribution of, 164 
Tryptophane, structural formula, 118 
Tubifex, hemoglobin function in, 321, 
322,323 

respiration in, 262 
Tufts, branchial, 213, 214 
Tunicates, peripheral servous system in, 
810. See also Ascjdians. 

Tunicin, 305 

Turtles, blood and urine concentrations in, 
58 

effect of acetylcholine on heart of, 560 
nitrogen excretion in, 198 
Tympanic membrane, 473 
Tympanic organs in insects, function, 495 
morphology of, 493 

Tyramine, chromatophores in cephalopods 
and, 690 

neuromuscular transmission and, 613 
Tyrosine, structural formula, 119 

Uca, color changes in, 695, 701 

UDH.698 

U/P ratio, 697 

Urea, excretion of, 188, 189, 198 
in fish, 197 

in various animals, 192-196 
production of, 201 
Urease, distribution of, 203-205 
Urechis, hemoglobin function in, 324, 
325 

Ureotelic animals, 198 
Uric acid, excretion of, 188,189,199 
in aquatic vs. land animals, 198 
in various animals, 192-196 
formation of, 189 
in body fluids, 200 
Uncase, distribution of, 203-205 
Uricotelic animals, 199 
Urine, concentration of ions in, 93 
nitrogen in. See Nitrogen excretion and 
Excretion. 

Urodeles, phonoreception in, 487 


Index 

Urodeles, serologic relationships in, 107,108 
Utriculus, 475, 517 

Vacuoles, contractile, in Protozoa, 38 
efficiency of, 46 
function of, 40 
mechanism of filling, 44 
food, in Protozoa, 150, 155 
Vagus nerve, effect on gastric section, 156, 
157 

effect on heart, 557 

Vahlkampfia calkensi, contractile vacuole 
in, 42 

Valine, structural formula, 118 
Vanadium chromogen, 292, 293 
as blood pigment, 305 
Vanadocytes, 305 

Ventilation in polychaete worms, 262 
Ventilatioh lungs, 220 
Venus, calcium in, 97 
effect of acetylcholine on heart of, 560 
muscle in, 579 
osmotic adjustment in, 13 
Vertebrates, blood\rotein concentration 
in, 104 \ 

brain in, various types, 829 
cardiac rhythm in, 546 
chemoreception in, 453 
behavior and, 456 

cholinergic systems in muscles in, 609 
chromatophores in, 681, 703 
control of secretion in, 156 
cutaneous respiration of, 212 
equilibrium orientation in, 520 
eye in, 393-405 
fat digestion in, 177 
gills in, 215 

growth in, hormones and, 726 
hormones and sex and reproduction and, 
740 

intermediary metabolism and hormones 
in, 756 

ions in body fluids in, 80 
kidney in, 48 
labyrinth in, 516 

locomotion in, spinal reflex control of, 
821-827 

lower, carbon dioxide transport in, 332 
marine, ions in body fluids in, 83 
pH of digestive organs, 153 
phonoreception by, 483 
respiratory movements in, 254 
site of digestion in, 151 
See also Amphibians, Mammals, etc. 
Vestibular nuclei, 831 
Vestibule, 475 
Vibration sense, 506 
Viscosity of muscle, 602, 604 
Vision, acuity of, 417 
explanation of, 418 
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Vision, aerial, 403 
air- and water-, 403 
aquatic, 402 

central mechanism of, 435 
color, 436-440. See also Color vision. 
dichromatic, 437 

functions, electrical measurement of, 
422 

measurement of functions of, 414 
by optic nerve discharge, 431 
nonphotochemical theories of, 418 
pattern, localized photoreceptors and, 
387 

peripheral mechanism of, 405 
See also Eye and Photoreception. 

Visual angle, 399 
Visual field, 399 
Visual purple. See Rhodopsin. 
Vitamin(s), defined, 122 
fat-soluble, 131-135 
requirements of insects, 125 
water-soluble, 122 
Vitamin A, 131 
in vision, 410 

Vitamin Bi. See Thiamine. 

Vitamin Bn. See Riboflavin, 

Vitamin Bo, 127 
Vitamin Bu, 129 
Vitamin C, See Ascorbic add. 

Vitamin D, 132 
Vitamin E, 132 
Vitamin K, 132 
Vitamin P, 130 

Vitrification at low temperatures, 345 
Volume, regulation of, in osmotic adjust¬ 
ment, 13 
in Protozoa, 38 

Warm-blooded animals. See Homoio- 
therms, 

Wasp, respiration during flight, 262 
Water, 6-74 

avenues of entrance in Protozoa, 43 
balance, maintenance of, 6 
endocrine influences, 760 
relation to nitrogen excretion, 201 
brackish, Crustacea in, 24 
content of tissues, osmotic concentra¬ 
tion and, 8 

fresh, adaptation to, 33-38 
crustaceans in, 29 
osmoregulation of fish in, 47 
loss in insects, 56 
in mammals, 59 
in temperature regulation, 366 
oxygen withdrawal from, 251 
poikilotherms inhabiting, 349 
salt. See Sea mier. 
thermal properties of, 341 
vision in, 402 
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Water-lungs, 217 
Waves, sound, 471 
Weberian ossicles, 486 . 

Weight, oxygen consumption and, 226 
Whale, blood and urine concentrations in, 
62 

Wood, digestion of by insects, 172 
Woodchuck, hibernation in, 371, 372 
Worms, parasitic, osmoregulation in, 17 
polychaete, ventilation in, 262 
respiratory pigments, in, 294 
uricolytic enzymes in, 203 


Worms. See also Annelids 
Wren, temperature regulation in, 364, 365 
W-substance in amphibian color changes, 
705 

Xanthine oxidase, distribution of, 203 
Xanthophores, 681 
control of in fish, 711 
Xenopus, color changes in, 704 
Xylan, digestion of, 173 

Yarrow, respiration in, 256, 257 






